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The use of elemental sulphur and sulphur containing pesticides on 
hops, on the bine, has been shown to give rise to increased levels of 
organo-sulphur compounds in the essential oil. These compounds have 
extremely detrimental effects on the flavour and aroma of finished ales 
and lagers. It is therefore of importance to understand the occurence, 
nature and chemistry of these compounds so as to improve control of 
the husbandry and use of hops for brewing purposes.
Two organo-sulphur compounds already identified in hops, 4,5-epithio- 
caryophyllene and 1 ,2 -epithiohumulene, have higher flavour thresholds 
in comparison to other organo-sulphur compounds. In order to discover 
if these may be converted to more flavour potent thiols in the brewing 
process it was necessary to synthesise these in quantity so as to study 
their chemistry. These could not be prepared in high yield but micro 
scale studies indicated that they are stable to mild hydrolysis and are 
desulphurised by oxygen at 100°C. A number of novel tricyclic deriva­
tives were, however, isolated, from preparations to synthesise the 
episulphides and these were characterised by chemical and/or physical 
methods.
Myrcene, a monoterpene, has been shown to react with sulphur under- 
mild conditions to give a number of sulphur containing adducts, four 
of which occur in hop oils. Two of these, 5-(4-methyl-3-pentenyl)-
1,2,3-tri thiacyclohept-5-ene and 6 -(4-methy1-3-pentenyl)-1,2,3,4- 
tetrathiacyclooct-6 -ene have been positively identified by synthesis.
A third compound from the myrcene/sulphur reaction has been identified, 
on the basis of accurate mass measurements and g.c. retention data, to 
be 3-(4-methyl-3-pentenyl)-thiolenei A number of other novel compounds 
were prepared in attempts to synthesise this cyclic monosulphide.
Of major importance in the brewing process are the hop resins 
humulone and colupulone as these give rise • to the characteristic 
bitterness of beer. These compounds, and two analogous compounds,
conditions.
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INTRODUCTION
1. Hops and the Brewing Process
1.1. The Hop
The hop plant Humulus lupulus L . is grown throughout the temperate 
regions of the world to meet the demands of the brewing industry for 
*hops*, the cones of the female plant. The genus Humulus is represented 
by two species, the common hop, Humulus lupulus L ., and the Japanese 
hop, Humulus japonicus sieb et zucc., and belongs to the natural 
family Cannibinaceae. Only the common hop, however, is used commer­
cially in brewing.
The hop is a hardy herbaceous perennial plant and the hop cone 
consists of stipular bracts and bracteoles around a central axis or 
strig. At the base of the bracteoles, the resin glands are formed as 
the hop ripens, and it is in these lupulin glands that the main brewing 
principles, the resins and the essential oils are formed. The glands 
are very poorly developed in the male plant and are thus of little 
use as brewing material. Hop gardens consequently contain no male 
hop plants (as on the European continent) or only a small proportion, 
typically 1 in 200 (as in most English hop gardens).
It has been traditional to grow seeded hops in Great Britain and
parts of America and Australia and it is common to find hops containing
between 10 and 307. by weight of seeds. Most of the hops produced in
the rest of the world are cultivated seedless and contain less than
27. by weight of seeds. Hop seeds have no brewing value and the most
noticeable difference between them is a higher oil^and, in some cases,
2 3
a higher<*-acid ’ content in the seedless variety.
Hops are employed in the brewing process for two reasons. They 
impart the characteristic bitter taste to beer and also produce what 
is known as *hop character1, i.e. the fragrant aroma and flavour of 
hops.. Whilst it is the resins, particularly thecK-acids, that impart 
the bitterness to beer it is the essential oil that gives rise to hop
cnaracrer.
At harvest time hops contain about 807o moisture, which is reduced 
to about 107o by drying them in a kiln or oast with a current of air 
at Ca.65°, when it is normal practice to burn rock sulphur in the fire 
to bleach the hops. Hops thus treated in this manner are considered 
to be improved in appearance and are rated more highly on physical 
examination. After cooling the hops are compressed into bales or 
pockets, weighing normally about 70kg, and are stored at 0° until 
required for use.
In 1980 the overall production of hops, in England, was 196,000 Zentners,
compared to 187,000 in 1978. The acreage devoted to hop growing, however,
has gradually decreased since the latter part of the 19th century to
5
a level of about 6,000 hectares in 1978 . The falling hectarage is 
due to the prevention of disasterous crop failures, a trend toward 
beers of lower bitterness and the cultivation of new varieties with 
higho\-acid contents.
1.2. The Brewing Process
The first stage of the brewing process is mashing. A sweet wort 
is prepared by heating a mixture of ground malt, with or without other 
cereal adjuncts, with water at Ca 60-65°. The starch is enzymatically 
degraded, at this temperature, to a series of sugars including glucose, 
maltose and maltotriose.
The sweet wort is then boiled with hops at the rate of 2-3g/L for 
0.5-2 hours in a copper vented to the atmosphere. It is during this 
period that the hop ot-acids are chemically transformed into the, so 
called, iso-o(-acids which are the compounds principally responsible 
for beer bitterness. The hops are then separated and on.cooling the 
wort is 'pitched' with yeast at a rate of Ca_ 2.5-4g (wet weight)/L 
in order to ferment the sugars to ethanol.
When fermentation is complete the yeast is physically removed and 
the beer conditioned prior to sale. Draught beer will have been fined
filtered and carbonated.
1 .3 . Imparting Hop Character to Beer
It is recognised that the essential oil of hops, which is steam
volatile, is largely lost when the hops are added to the copper at the
6 7
early stages of wort boiling. ’ The survival of hop oil components 
in wort and beer has been extensively studied and has recently been
g
reviewed by Laws. . In general one of a number of supplemenatry processes
need to be employed in order to impart hop character to finished beer.
In America and on the European continent a portion of the hops
is retained and added to the copper toward the end of wort boiling.
9 10In the U.K. the most widely employed method is 8 dry hopping8.
A portion of hops, powdered hops or lupulin is added to beer during 
conditioning and left in contact with the beer for up to three weeks. 
Luring this time the hop oil is gradually transferred to the beer.
Other methods of imparting hop character include the addition of
11 10 
steam distilled hop oil, oil distilled from pure lupulin and the
addition of a hop extract made by ultrasonic disintegration of hops
in water.^
All these methods have certain disadvantages that have led to
attempts to produce hop oil preparations that can be added to beer at
the later stages of processing. Two such preparations have been
produced. One is a hop oil emulsion,prepared by the steam distillation
13-15of hops under reduced pressure, normally added to beer after
fermentation and immediately imparts a pleasant hop character without
forming haze or inducing beer to gush. The second is a liquid carbon
1 6
dioxide extract of hops and is currently undergoing pilot and
production scale brewing trials.
2. The chemical constitution of hops
2.1. General composition 
17Howard has given the approximate composition of air-dried hop
Table 1
Approximate composition of air-dried hop cones
7o
Cellulose, etc 43.4
Total Resins 15
Proteins (Nx6.25) 15
Water 1 0
Ash 8
Tannins 4
Monosaccharides 2
Pectin 2
Essential Oil 0.5
Amino-acids 0 . 1
1 0 0 . 0
In the brewing process the most important class of constituents 
is the hop resins, as they are responsible for imparting the characteris 
tic bitterness to beers and ales. Consequently the chemistry of this 
group of compounds has been studied extensively and the situation is 
such that they can be added to beer on a rational basis. These are 
discussed further in section 2.2. (p.5) and in Chapter III, section 1 
(p. 9 4 ).
The second most important class of compound is the essential oil. 
This complex mixture, consisting of over 200 components imparts the 
characteristic flavour and aroma known as hop character. In contrast 
to the resins the relationship between the composition of the essential 
oil and the resultant hop character is by no means fully understood.
The composition of the essential oil is described in section 2 .(p.95 
Of the remaining constituents listed in Table 1, the tannins are 
the most significant in as much that they can have detrimental effects.
17
('breaks*) in the brewing process and the formation of non-biological 
18
haze in bottled beer by combination with proteinaceous material.
2.2. The Hop Resins
2.2.1. Classification of Hop Resins
These are divided, on the basis of their solubilities in low 
boiling paraffinic hydrocarbons, into two groups, the hard resins and 
the soft resins, the latter group being further subdivided into the 
et-acids (humulones and congeners), |8 -acids (lupulones and congeners) 
and the uncharacterised soft resins.
The majority of the hop resins contain an enolizable {5-triketone
system, which has been shown to exist predominantly as the diene-one
19as pairs of enol chelates, the chelation being by hydrogen bonding
between the carbonyl on the aoyl side chain and the hydroxyl on the
adjacent ring carbon atom.
It is the humulones and lupulones that give rise to the bittering 
principles in finished beer. During the wort boiling stage they 
undergo complex chemical transformations leading to isohumulones and 
hulupones respectively.
2.2.2. The <*-acids
The ©(.-acids are readily separated from the soft resins as their
lead salts which are insoluble in methanol.
The humulones have the general structure I, of which humulone 
(I, R=i-Bu) was the first member of the -acid fraction to be obtained
crystalline and to be fully characterised. It was first isolated in
20
19014. by Linter and Schnell as a bitter tasting, laevorotating enolic
acid, which reduced Fehlings and Tollens reagents, but which did not
give characteristic carbonyl derivatives. Indeed the only derivatives
21
formed are the lead salt, a phenylurethan and a 1 : 1  complex with 1 ,2 - 
22
diaminobenzene. This complex provides the most convenient method of
22
is treated with dilute hydrochloric acid.
OH
It was not until 1951, however that the structure of humulone was
23
confirmed as I (R^i^Bu). The structure was first proposed by Cook
24 25
and David after they re~examined Wielands alkaline hydrolysis
experiments. Confirmation was obtained when careful ozonolysis gave
2 6
2 moles of acetone.
Countercurrent distribution of the bittering substances derived
27 28
from the <=*.-acids showed the heterogenous nature of the humulones. 9 
From these experiments cohumulone (l,R=i-Pr) and adhumulone (I,R=sec-Bu) 
were isolated.
The partition chromatogram of the c* -acids showed small peaks,
before and after the three major components. Post humulone has been
29
characterised as the propionyl analogue (I,R=Et) but pre-humulone
is the subject of some dispute. It has been reported as a mixture of
30
the n-butyryl, n-valeryl and 4-methylvaleryl analogues, while a
second report considers it to be the last named analogue by comparison
31
with synthetic material.
2.2.3. The /3 -acids
The /3 -acids, unlike the ©< -acids, do not form lead salts or complexes 
with 1,2-diaminobenzene. They have the general structure (II).
II
32 33
1863. The structure II (R=i-Bu) was proposed by Verzele and Govaert
and was confirmed synthetically by alfcylation of the trisodioderivative
34
of phloroisovalerophenone with 3 moles of 3-methylbut-2-enyl bromide.
It is noteworthy that, while lupulone crystallises from continental 
European hops, British and American hops yield colupulone (H,R=i-Pr)
although this was not realised at first. Early workers thought they
35-
ne,
38,39
-37
were dealing with lupulo  but subsequent work showed that it
was actually colupulone.
Hydrogenolysis and oxidation of the ^ >-acid fraction resulted in
a series of tetrahydrohumulones, which on examination led to the
identification of two further anologues, adlupulone (H,R=sec-Bu)
38and an anologue with a 3-methylpentanoyl side chain. Both have been 
39
synthesised.
2.2.4. Other Hop Resins
The total resin fraction also contains the 4 -desoxyhumulones,
the uncharacterised soft resins, the hard resins and the -resin.
These will only be discussed briefly as they are not pertinent to
17 41-42
the current studies. The composition ’ and the chemistry of these 
fractions have been reviewed previously.^ ^
4-D e s oxyhumu1one s
4-Desoxyhumulone (III,R=i-Bu) was first encountered in the synthesis 
of (-) humulone and was subsequently isolated from Hallertau hops. 
Evidence has also been presented for the occurrence of 4-desoxycohumulone 
(HI,R=i-Pr) and 4-desoxyadhumulone (HI,R=sec-Bu) in hops.
HO
III
This is the fraction that remains after thec<-acids have been 
precipitated with lead and the^-acids allowed to crystallise out. 
Although the size of this fraction is the subject of some speculation, 
due to the difficulties in the quantitative removal of ^ -acids and 
waxes, chromatographic studies indicate that no major group of hop 
resins remains undetected.
The Hard Resin
This fraction is soluble in ether and cold methanol but insoluble 
in light petroleum.-Hayauck^ has concluded, -that it is of little 
brewing value.
Ion-exchange chromatography has shown the complex nature of this
fraction and that the major component is xanthohumol (IV), first 
48
isolated in 1913, which contains one methoxy group and as such is 
the only known naturally occuring methylated hop resin.
HO
HO
IV
48
With dilute alkaline reagents it is isomerised to isoxanthohumol (V),
which has also been shown, by ion-exchange chromatography to be present
49
in the hard resin. Ion-exchange chromatography also suggests that 
other anologues of xanthohumol may be present in hops.
It has been observed that a portion of the hard resin was water
50
soluble, bitter and had bacteriostatic properties. This was called 
the -resin but despite extensive chromatography no pure components 
were characterised.
2.3. The Essential Oil of Hops-
2.3.1. Historical aspects
Hops contain 0.5-1.57. of essential oil which is an extremely 
complicated mixture comprising over 2 0 0  components.^ The compounds 
identified include hydrocarbons, alcohols, esters, epoxides, ketones, 
aldehydes, acids and sulphur compounds. Indeed it is only the trace 
constituents that now have to be identified.
52
Hop oil was first isolated by Payen et al, after distillation 
of a volatile oil from lupulin. This essential oil is readily obtained 
from hops by steam distillation, the bulk of the oil being distilled 
out in 2-4 hours, and recovered by either solvent extraction or the 
use of cohobation apparatus that returns the aqueous phase to the 
boiler.
The first systematic study of the essential oil of hops was made
by Chapman who described the presence of myrcene, humulene, caryophyllene
and several acids, alcohols, ketones and esters, and summarised these 
53 54 55
findings in 1929. Sorm et al ’ isolated the only acyclic sesquiterpene, 
/^-farnesene, to be found in the essential oil of hops.
Examination of the essential oil by TLC, after preliminary frac­
tionation by countercurrent distribution, confirmed the presence of
those compounds already isolated and demonstrated that the mixture
5 6
was more complex than the classical studies indicated. This technique,
however, was rapidly superseded by gas-liquid chromatography, first
57
applied to the study of hop oil by Howard in 1956. The chromatograms 
obtained were extremely complex, and to improve the resolution, the 
essential oilneeds to be separated into hydrocarbon and oxygenated
The components resolved by g.c. have been identified by retention 
data and after preparative g.c. by physical methods such as IR and 
NMR spectroscopy and mass spectrometry. These methods are limited 
to known compounds or the ability to collect enough pure material for 
physical analysis. Advances in g.c. technique have led to the recogni­
tion of an increasing number of trace components of hop oil. The most
significant advance was the introduction of combined gas chromatography -
58 59
mass spectrometry (GC-MS), developed by McFadden et al, 9 particularly 
when high resolution capillary columns are used that allow the effluent 
from the column to be introduced directly into the ion source.
The chemical composition of the essential oil of hops has recently 
been reviewed by Sharpe and Laws^and thus only an outline of the subject 
will be discussed here, emphasising the compounds pertinent to these 
studies.
2.3.2. The Hydrocarbons
Hydrocarbons generally, constitute about 707. of the essential oil
of hops, although this figure can vary markedly. They comprise a
very small proportion of straight chain alkahes, the bulk of the material
being terpenoid in nature, predominantly mono- and sesquiterpenes but
some di- and triterpenes have been reported. Lammens et al^found the
55
diterpenes m- and J>- camphorane and Sbrm et al isolated two crystalline 
triterpenes that were not fully characterised. 
monoterpenes
These can be subdivided into three groups, the acyclic, the mono- 
cyclic and the bicyclic. By far the most abundent monoterpene is the 
acyclic terpene myrcene (VI), comprising as it usually does of up to
62
307o of the whole oil. The structure of which was elucidated by Ruzicka.
The only other acyclic monoterpene is /3-ocimene, characterised by
63 64
Sutherland and identified in hop oil by Goedkoop.
The monocyclic terpenes identified include limonene,^ j>-cymene,^
have been reported, c< - and p  -pinene^and sabinene.^
VI
Apart from myrcene (VI), the monoterpenes constitute less than 
47o of hop oil.
Sesquiterpenes
The sesquiterpenes identified in hop oil are more numerous than 
are monoterpenes, and can be subdivided into four classes, acyclic, 
mono-, bi- and tricyclic. The only acyclic sesquiterpene identified 
in hop oil is P-farnesene, and which comprises 0 - 1 7 ^ of the hop oils studied.'
The monocyclic sesquiterpenes found in hop oil are germacrene B
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and D and humulene (VII). The latter sesquiterpene is the most
predominent usually being present in concentrations of between 8-337«.
The other major component of hop oil is the bicyclic |3-caryophyllene 
(VIII), being responsible for 4-227<> of the whole oil although in some 
hop oils the bicyclic sesquiterpene ^ - s e line^is predominent.
although these other sesquiterpenes comprise only Ca 87o of the whole oil.
Some other 24 sesquiterpenes have been identified in hop oils 
from various varieties of hops, including {f- and 6  -cadinene, -selinene, 
/3 -santalene,£ -bisabolene,c<- and tf-mimrolene, ^>-elemene and cadalene,
Gas chromatography of this fraction showed it to be very much more 
complicated than the hydrocarbon fraction, although it normally represents 
only 307o of the whole oil. This fraction has been extensively studied, 
notably by Howard,^Roberts,^and Jahns e n ^ ’^ a n d  includes alcohols, 
epoxides, carbonyls, acids and esters.
Alcohols
Over 40 alcohols have been detected in hop oil, the major consti­
tuents being 2 -methylbutanol and linalol with lesser amounts of geraniol, 
nerolidol, nerol, terpineol and /S-humulen-9-ol. Evidence was also 
obtained for a series of normal alcohols with 5-11 carbon atoms.
Carbonyl compounds
Examination of the carbonyl fraction, after separation with 
Girards-T reagent, showed the occurrence of a whole series of methyl- 
ketones from acetone to hexadecanone and a similar series of normal 
aldehydes from propanal to undecanal. Few aldehydes or ketones have 
been detected in hop oil that are terpenoid in nature. One notable 
example of which is humuladienone.
Epoxides
Only four epoxides have been reported to be present in hop oil.
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Roberts showed that autoxidation products of caryophyllene (VIII) 
and humulene (VII) were present in hop oil and identified them as 
caryophyllene oxide (IX) and either humulene epoxide I (X) or humulene
epoxide II (XI). He also proposed that humulene diepoxide (XIl) was present.
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-All four have now been shown to be normal constituents of hop oils.
Acids
There are but a few examples of free acids in hop oils and these 
are considered to be oxidation products of hop resin constituents or 
hop oil components.
Esters
The esters represent by far the largest and most varied class of
oxygenated components in hop oil; over 70 having currently been identified.
They are also the most significant as regards their contribution to
the normal flavour and aroma associated with hops.
They include a large group of methyl esters of saturated and
unsaturated, straight and branched chain acids. A series of terpene
alcohol esters have also been identified but the majority are not
terpenoid in nature.
2.3.4. Sulphur containing compounds
The formation and presente of organosulphur volatiles in hops
74
and hop oils has very recently been reviewed by Peppard. It is
As a group they represent less than 17c of the bulk of the essential, 
oil of hops and include thiols, sulphides, polysulphides, thiophens 
and thioesters. The importance of the formation and the survival of
these compounds in finished beer is discussed in section 3.-
Sulphides and Polysulphides
Although diallyl sulphide was tentatively identified as being present
75 7 6
in hop oil in 1954 it was not until 1970 that Barwald showed that
alkyl sulphides are natural constituents of hop oil. He confirmed
77
the report of de Mets and Verzele that dimethyl sulphide and dimethyl 
disulphide were present in hop oil and also reported the presence of
diethyl sulphide and diethyl disulphide in hops, hop extracts and
isomerised hop extracts.
78 79-81
Pickett et al and Peppard et al have demonstrated the occur­
rence of high levels of dimethyl trisulphide and dimethyl.tetrasulphide
81
in hop oils derived from non-SO^ kilned hops. Peppard also showed
that the dimethyl trisulphide was derived from S-methylcysteine sulphoxide
on heating, but which on treatment with SC^ is reduced to a compound
that does not give dimethyl trisulphide on heating. Dimethyl trisulphide
is extremely flavour potent, imparting cooked vegetable, onion-like
and sulphury flavours when added to beer at concentrations as low as
0.1 ppb.81
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Mar et al have recently detected 2,3,5-trithiahexane in hop oils 
obtained by steam distillation at 100° and suggested that it*s origin 
was via the oxidation of methylthiomethanethiol in the presence of 
me thanethiol.
At present the only oxidation product of hop derived sulphides
83
detected in hop oil is dimethyl sulphoxide.
Thioesters
Eight s-methylthioesters have at present been identified in hop 
oils and have flavour thresholds ranging from 0.3 ppb to 50 ppb. The
84 13 85
and S-methylhexanethioate in 1965 by Buttery et al. Pickett et al * *
also identified S-methy 1-4-methyl butanethioate and S-methyl-4-methyl-
pentanethioate. The addition of S-methyl-4-methylbutanethioate and
S-methylhexanethioate to beer at a level of 1 ppb is reported to impart
13
cabbagy, sulphury and soapy-fatty flavours. Recently s-methyl-2-
81 88 89 83
methylpropanethioate, ’ * s-methyl-s-methylhexanethioate and
89
S-methylpentanethioate have also been shown to be present in hop
oils.
In addition to the S— methyl thioesters a series of 5 s-methyl-
thiomethylthioesters have recently been shown to be present in hop
o i l S j ^ ’^ a  class of compounds not previously isolated from any
natural source. These include s-methylthiomethyl-2-methylbutanethioate,
which when added to beer at a level of 8 ppb produces onion- and garlic-
83
like flavour notes.
Sulphur containing Terpenoids,
Hops grown in the U.K. were frequently treated with preparations 
containing elemental sulphur to combat mildew. Hop oils obtained by 
steam distillation at 25° and 100° have been shown to contain signifi­
cantly higher levels of several sulphur compounds when derived from 
hops dressed with sulphur compared to those derived from hops that were 
untreated.
It was soon demonstrated that sulphur reacted with mono- and 
sesquiterpenes, under very mild conditions. Thus the storage of solu­
tions of humulene and caryophyllene with elemental sulphur was shown
to give rise to 1,2-epithiohumulene (XII), 4,5-epithiohumulene (XIII)
87 88 01 07
and ^,5 -epithiocaryophyllene (XIV) in low yield. 9 9 9 The levels
of these episulphides in hop oils correlated well with the levels of
87
residual elemental sulphur on the hpps.
Subsequently, myrcene was shown to react with sulphur to give rise 
to 10 sulphur containing adducts, four of which corresponded with
were characterised as 3-(4-methylpent-3-enyl)thiophen (XV) and
87 9 3
4-(4"methylpent-3-enyl)-3,6-dihydro-l,2-dithiine (XVI) *
Other terpenoid derived sulphur compounds derived from hops are
94 95
3-methyl-but-2-ene-l-thiol, 2-methyl-5-thiahex-2-ene and a humulene
83 95
methyl sulphide. * The first compound is responsible for the sunstruck
flavour of bottled beer exposed to light. The levels of the latter
two compounds, however, do not seem to be influenced by the treatment
83 95
of hops on the bine with sulphur. ’
XII XIII
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3. Organo-sulphur compounds and their influence in the brewing process 
Organo-sulphur compounds have been recognised as one of the most 
flavour-active of naturally occuring substances. As a group, their 
presence in hops have only been recently recognised due largely to 
the advent of specific methods of detection of trace amounts of sulphur 
compounds. In particular, the use of flame photometric detection (F.P.D.) 
employed in g.c. has led to identification of many of these constituents.
made the characterisation of these trace components a much simpler 
task.
To date more than 30 volatile organo-sulphur constituents of hop
oil have been identified including thiols, sulphides, thioesters and
terpene/sulphur adducts. (see sect. 2.3.4).
It had been suspected for many years that the spectrum of organo-
sulphur volatiles derived from hops would be affected by treatments
that hops receive, on the bine, with sulphur containing pesticides.
Hops containing residual elemental sulphur were said to be unsuitable
for dry hopping due to the formation of sulphury off flavours. Seaton 
83
et al have shown that ales and lagers that have been prepared by the
late addition of hops (to the copper) containing residual elemental
sulphur had pronounced rubbery and sulphury off flavours. Pickett 
13
et al demonstrated that steam distilled hop oils prepared at 100 had
much higher levels of sulphur volatiles compared to oils produced at
25°. A flavour profile system, comparing beers treated with hop oil
preparations produced at 25° and 100°, clearly showed that sulphur
compounds contributed much to the distinction between acceptable and
undesirable hop character.
It has been shown that the levels of S-methylthioesters are
influenced by heat but not by the treatment of hops with elemental
sulphur^’^ ’^ o r  by sulphur dioxide during k i l n i n g . T h e  proposed
mechanism of formation is by reaction of methanethiol with straight
74
and branched chain fatty acids.
The treatment of hops on the bine with elemental sulphur has been 
shown, however, to lead to the ready formation of several terpene/
sulphur adducts (sect. 2.3.4.) and to give rise to increased levels
89 81 81 89
of methanethiol, dimethyl t r is u lp h id e  and d im e th y l .te tra s u lp h id e  • 9
This mode of formation of dimethyl t r is u lp h id e  is  in  a d d it io n  to  th e
mechanism whereby it is derived from s-methylcysteine sulphoxide.
sulphur adducts are generally rather high for organo-sulphur compounds, 
ranging from 0.01 to 1.8 ppm. Although it seems unlikely that the 
compounds will be directly responsible for off flavours in beer it is 
possible that they might, at some stage of the brewing process be 
transformed into more flavour potent thiols. This could occur by 
nucleophilic ring opening of the episulphide group in compounds 
XII-XIV or by the reducing action of yeast on the cyclic disulphide XVI. 
Although thiol derivatives of these compounds have not been identified 
in finished beer, laboratory studies of the stability of the episulphides 
would give useful information as to the possibility of such compounds 
arising and to the nature of these derivatives.
To date the organo-sulphur compounds that have been identified 
as being derived from hops, all are associated with the essential oil.
This is pimarily due to the sensitivity of the techniques used to examine 
hop oils. In many cases these are derived from the interaction of 
sulphur with unsaturated linkages in terpene constituents, i.e. humulene, 
caryophyllene and myrcene.
As yet no studies have been carried out as to the possibility of
sulphur interacting with hop resin constituents, all of which contain
unsaturated linkages.
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Sugget et al, ’ have shown that at the end of a 60 minute copper 
boil, wort was essentially free of sulphur volatiles. However, after 
late-hopping, worts were shown to contain a majority of the sulphur 
compounds which may be identified.in hop oils. It is likely however 
that organo-sulphur compounds derived from the hop resins would survive 
into finished beer from the early stages of the brewing process. The 
<*— and )3-acids although not appreciably water soluble are transformed 
during wort boiling into compounds that have an appreciable water solubility. 
These are not significantly steam volatile. Thus the interaction of 
sulphur with and ^ 5-acids may give rise to water soluble, non-steam
wort boil.
As the o^-acids are the principle source of bitterness in beer it 
is likely that the presence of sulphur containing derivatives would 
seriously affect the overall bitterness and flavour of finished beer. 
Consequently it is of interest to determine the reactivity of the 
and ^  -acids toward elemental sulphur under the mild conditions shown 
to be effective in the formation of terpene/sulphur adducts.
RESULTS AND DISCUSSION
The attempted synthesis of some sesquiterpene episulphides and
characterisation of some tricyclic sesquiterpene derivatives.
1. Introduction
By far the most important sesquiterpenes found in the essential 
oil of hops are caryophyllene (VIII) and humulene (VII). These 
compounds often amount to 22%'each, of the . sesquiterpene fraction. 
These two compounds were first described in hop oil by Chapman • 
when he -carried out a systematic examination of hop oil in the, period
1 8 9 5  to 1 9 2 9 .r53
Both compounds have been the subject of much chemical research,
mainly to elucidate their structures. Caryophyllene was extensively
96 96
investigated by Simonsen, Ruzicka and their co-workers, leading
to conclusive evidence for the structure (VIII) in the early 1950*s.
The structure of humulene, however, was not confirmed unequivocally
97
until it was studied by high resolution NMR spectroscopy in 1960.
53
Although isolated by Chapman in 1893, it was not until 1951 that 
98
Clemo showed it to be monocyclic, containing three double bonds. 
Whilst the hexahydro derivative was characterised as 1,1,4,8-tetra- 
methylcycloundecane, the positions of the three double bonds in 
humulene were uncertain.
The chemistry of•caryophyllene and of humulene has been
.96,99,100 . r . . ’
reviewed as well as the occurrence of these m  the essential
oil of hops and their influence in brewing.
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It has been shown that the storage of caryophyllene (VIII) and 
humulene (VII) with elemental sulphur leads to the formation of mono-
caryophyllene (XIV), 1,2-epithiohumulene (XII) and 4,5-epithiohumulene
(XIII). All have been shown to be present in significant amounts in
the steam distilled oil of hops treated with elemental sulphur.
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Organoleptic tests have shown that their thresholds of taste are 
in the range 0.2 to 1.8 ppm. These values are high compared to those 
for alkylpolysulphides and S-m.sthylthioesters, but it was thought 
that conversion into more flavour potent thiols may take place in 
the brewing process and have detrimental effects on finished beer.
These studies were initiated so as to prepare the episulphides
(XIV) and (XII) in good yield and study their chemistry and so delineate
this possibly important aspect of the brewing process.
2. Preparation of episulphides - A literature survey
A thorough review of the chemistry of episulphides has been
103
carried out by Sander. Here it is pertinent to discuss only the 
methods of preparation suitable to the synthesis of the sesquiterpene 
episulphides (XII) and (XIV).
The most important requirements for any method of synthesis of 
the sesquiterpene episulphides are that it must involve derivatisation 
of the parent sesquiterpene and must not involve any skeletal changes.
Of the methods available for episulphide* synthesis, those three 
most frequently employed were considered as suitable with the sesquiter­
penes caryophyllene and humulene.
The most widely employed method is conversion of the corresponding 
epoxides into the episulphide using sulphur-containing nucleophilic
S
corresponding alkene with organic peracids or hydrogen peroxide.
Several episulphides have been prepared directly by the reaction
of the corresponding epoxide with potassium thiocyanate,
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ammonium thiocyanate and thiourea. Compounds prepared by these
methods include ethylene episulphide,propylene episulphide, isobut­
ylene episulphide and cyclohexene episulphide, in 50-757. yields.
Van Tamelen^^aIso prepared these episulphides and provided 
evidence that the substituents after epoxide ring opening 
must be trans disposed for thiirane formation. Cyclopentene episulphide 
could not be prepared by this method as this would involve an inter­
mediate consisting of two trans fused five membered rings. The 
major repercussion of these findings was that the episulphide has 
an inverted stereochemistry compared to the original epoxide.
Bordwell and Anderson^^improved the yields of episulphides by 
the addition of 1 equivalent of acid to the reaction mixture, isolat­
ing the intermediate <*.-hydroxy-thiouronium salt, which readily afforded 
the episulphide on treatment with base.
Opening of the epoxide ring and isolation of the intermediate 
has been of particular use in the synthesis of many steroidal episulphides, 
Typically the thiocyanohydrin has been prepared by treatment of the 
epoxide with thiocyanic acid, HSCN, followed by acylation of the 
ot-hydroxyl and ring closure with base, to give the episulphide.
The direct derivatisation of alkenes with sulphur-containing
reagents followed by cyclisation has also given episulphides.
109
Lautenschlager reacted alkenes with sulphur monochloride to 
give dialkylpolysulphides that afforded episulphides on reduction 
with amalgamated aluminium or sodium sulphide. A modification of 
this method used arylthiosulphenyl chlorides to give c^,-chlorodisulphide 
adducts that furnished episulphides in good yield, by reduction with 
sodamide or sodium sulphide.
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vicinal trans iodine thiocyanates that gave episulphides on treatment
•-w w 111-113 _ , . _ 112,113 . .. .with base. Cambie et al applied this method widely preparing
episulphides of cyclohexene, styrene, 1- and 2-phenylpropene, indene 
and 5c^-androstene.
There have been many reports on the formation of episulphides 
by the interaction of alkenes with atomic sulphur produced by the 
photodissociation of carbonylsulphide^"^ ^"^or phenylisothiocyanate.
This method is advantageous in that the reaction produces only epi­
sulphides, but the yields are generally low. It has already been
shown that for the sesquiterpene episulphides (XII) and (XIV) yields
87
of only Ca 10-157. can be expected.
It is worthy of note that the majority of investigations of
episulphides has been carried out on small molecules where the double 
bond, or the epoxide has not been sterically hindered. Matthews 
and Hassner^^in their review of steroidal episulphides point out 
that the requirements for episulphide formation are particularly 
strict. Formation of the trans fused cyclic intermediate is only 
possible if the sulphur and oxygen substituents are trans and ring A assumes 
a boat conformation. This clearly shows that the reaction site must 
not be sterically hindered for episulphide formation.
3. Attempted synthesis of episulphides from the corresponding epoxides
3.1. 4,5-Caryophyllene epoxide and 1,2-humulene epoxide
Both of these epoxides are readily obtained by reaction with one 
equivalent of m-chloroperoxybenzoic acid, with the sesquiterpene, in 
anhydrous diethyl ether.
Caryophyllene epoxide (IX) was prepared according to the method
of Warnoff,^"^the addition of per-acid being carried out at 0°, the
solution then being kept at room temperature for 12 hours. Gas 
chromatography showed that the crude product was Ca 957. pure only 
being contaminated by a trace of unreacted caryophyllene and one other
phyllene epoxide in 607, yield,
119
Warnoff during studies on the conformational restriction of 
the cyclononane ring, prepared caryophyllene epoxide and showed 
that two isomers, in a 4:1 ratio'were formed. These are derived 
from the two possible conformational isomers that exist due to 
rotation about the endocyclic double bond. Identification of the 
second isomer was by NMR spectroscopy, where the chemical shifts 
of the gem-dimethyl, epoxide methyl and exocyclic methylene protons 
ark different for the two isomers. Assignment as the epoxide due to 
epoxidation of the endocyclic double bond, in the conformer (VIII) 
was made to the major isomer, in accordance with the findings of
P . 120Barton.
NMR spectroscopy of the crude material used in my studies
gave no evidence for the presence of a second isomer, the chemical
119
shifts obtained being identical with those reported by Warnoff 
for the major isomer. Thus, the sterochemistry of the epoxide used 
in these studies is as shown (IX), with R,R chirality at both centres 
of the epoxide ring.
Humulene epoxide (XI) was similarly obtained by epoxidation of 
humulene with m-chloroperoxybenzoic acid in diethyl ether. Gas 
chromatography of the crude material showed it to be Ca 907. of one 
product, the remaining 107. being made up of unreacted humulene and
VIII IX XI
product. The major product was isolated by chromatography on silica
gel, and was shown to be identical, by IR and "^H NMR spectroscopy with
121
humulene epoxide-H, characterised by Damodaran. The humulene 
epoxide isolated from Zingher zerumbet also has R,R chirality, but 
synthetic humulene epoxide will be racemic, because attack by the 
per-acid oxygen can take place at both faces of the double bond, 
unlike caryophyllene where attack can only take place at one face.
3.2. Direct conversion of epoxides to episulphides
The one step conversion of epoxides to episulphides using thio- 
cyanates or thiourea have generally been carried out in water, 
methanol or water-methanol mixtures. ^^However both caryophyllene 
and humulene epoxides are completely insoluble in water and are only 
slightly soluble in methanol containing as little as 57. of water.
Caryophyllene epoxide was treated under a wide variety of conditions, 
with potassium thocyanate and thiourea. After work up, only starting 
material was ever recovered, as shown by g.l.c. analysis.
Even when carrying out the reaction at elevated temperatures in 
dimethylsulphoxide no reaction of the epoxide was observed.
The lack of reactivity of caryophyllene epoxide under these 
conditions was surprising, especially considering the good yields 
previously reported for these methods with ethylene, propylene and 
isobutylene e p o x i d e s . ^ ^ I t  is recognised that the endocyclic 
double bond of caryophyllene is completely shielded on one side by 
the trans fused cyclobutane ring. This leads to stereospecific 
addition of oxygen in the formation of carybphyllene epoxide* The 
ring opening of epoxides involves backside attack of the nucleophile, 
finally leading to trans disposed substituents. Thus the backside 
of the epoxide ring must be so hindered that nucleophiles cannot 
reach the reaction site, even to a limited degree, as demonstrated
3.3. Conversion of epoxides to episulphides via acid catalysed
ring opening.
3.3.1. Ring opening using mineral acids
Whilst caryophyllene epoxide was shown to be inert towards 
nucleophilic reagents (^3.2), both caryophyllene and humulene epoxides 
readily underwent ring opening reactions with mineral acids to yield
hydroxy derivatives.
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Bordwell and Schuetz prepared oC-hydroxythiouronium sulphate
derivatives of a number of epoxides, that on treatment with sodium
carbonate afforded episulphides. Hence both caryophyllene epoxide
and humulene epoxide were treated with equivalent amounts of thiourea
and sulphuric acid. In both cases the epoxides were consumed rapidly,
but none of the required derivative was obtained. This was clearly
shown by the complete absence of episulphides in the worked up products
after treatment with sodium carbonate. The worked up mixtures were
complex, and, as shown by IR spectroscopy primarily hydroxylic in
nature.
Similar results were obtained on treatment of caryophyllene and 
humulene epoxides with equivalent amounts of potassium thiocyanate 
and sulphuric acid, so as to form the ©^-hydroxy thiocyana to derivatives. 
Again the reaction mixtures were complex, IR spectroscopy of the crude 
products indicating that several thiocyanato and isothiocyanato compounds 
had been formed.
Caryophyllene epoxide is known to undergo several cyclisation 
reactions with mineral acids and humulene has been shown to undergo 
facile cyclisation reactions (see$4.5.). In view of these facts 
and results it seems unlikely that sesquiterpene episulphides can 
be prepared in this way.
3.3.2. Ring opening using thiocyanic acid
Caryophyllene epoxide reacted completely with an ethereal solution
et al. TLC of the reaction mixture, using 1:1 chloroform/petroleum 
revealed three spots at R f values 0.71, 0.65, and 0.0. The spot at Rf 
0.0 formed two spots at R f values 0.13 and 0.08 on changing the solvent 
to chloroform. Isolation by preparative TLC, using chloroform for 
development, gave the product at R f 0/13 in 597. yield.
Gas chromatography of this fraction, using dual F.I.D. and F.P.D. 
showed that two sulphur containing compounds, in a 1:1 ratio.^ were 
present. These could not be isolated by preparative g.c. due to
*\
their very similar retention volumes and thus subsequent IR and H NMR
spectroscopic characterisation is carried out on the mixture. Mass
spectra of the two components were obtained by using combined gas
chromatography-mass spectrometry. The IR spectrum (fig. 1) shows
strong absorptions at 3370 cm  ^ (-0H) and 2080 cm  ^ (-N=C=S). The
broadness of the latter band clearly distinguishes it from thiocyanate
-1
which has a strong sharp band at Ca 2180 cm • Other absorptions of 
interest are at 3060 cm ^ (Cl^C) and a doublet at 1380 and 1360 cm ^ 
(gem-d ime thy1).
GC-MS of the individual components show that both compounds 
have parent!ions at m/z 279 and have prominent peaks for loss of 
HNCS at m/z 220 and subsequent loss of H^O at m/z 202. The spectra 
are very similar, and because of the technique any differences in 
intensities for particular ions cannot be put down to differences in 
structure.
The proton NMR spectrum clearly shows the presence of the two
compounds ' (fig.2))and leads to the conclusion that they are 4-hydroxy-
5-isothiocyanato-caryophyllene (XVIII) and 5-hydroxy-4-isothiocyanato-
caryophyllene (XIX). The two complex signals at S 3.29 and 4.17 ppm,
integrate for half a proton each, and are consistent with the methine
110 1 0 /
proton at C-5 being attached to C-N=C=S and C-OH respectively. 9 
The two doublets centred at S 4.82 and 5.01 ppm, integrating for
broad signals at 95.2 and 5.4 ppm are due to the hydroxyl protons.
As the starting caryophyllene epoxide is a single stereoisomer 
and the mechanism of epoxide ring opening leads to trans disposed 
substituents the two compounds must also be single stereoisomers as 
shown (XVIII) and (XIX).
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As can be seen above, the substituent attached to C-5 is spatially 
close to the exocyclic methylene. Studies of the Dreiding model shows 
that in XVIII the hydroxyl proton lies in the sheilding region of 
the double bond. This accounts for the variation in chemical shifts 
of the exocyclic methylene protons and the hydroxyl protons. Thus 
the signal at 9 5.2 ppm can be assigned to the hydroxyl proton of 
XVIII as this would be expected to resonate at a higher field than 
the hydroxyl proton of XIX. The effect of the hydroxy and isothio- 
cyanate groups on the chemical shifts of the exocyclic methylene is 
more difficult to ascertain. Assuming that the isothiocyariate group 
has a similar anisotropic effect to that of the carbonyl group, then 
the exocyclic methylene protons lie in the deshielding region of 
the isthiocyanSte group in structure XIX. Hydroxyl is not anisotropic ■> 
thus the signals in the NMR spectrum centred at 6 5.01 ppm can 
be assigned to the methylene of structure XIX, being at lower field.
When humulene epoxide (XI) was treated under similar conditions, 
a complex mixture resulted, and after 96 hours some humulene epoxide 
remained unreacted. Preparative layer chromatography failed to 
separate any of the products pure, in significant yields, only
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of the crude products indicated that they were predominantly hydroxy- 
isothiocyanates, as was the case with caryophyllene epoxide.
The studies carried out between caryophyllene and humulene 
epoxides and thiocyanic acid shows that ring opening does occur 
but that the preferred orientation of the SCN moiety is as isothio- 
cyanate. The complexity of the product mixtures and the preference 
for formation of isothiocyanates means that ring opening using thio­
cyanic acid will not provide a useful route to the sesquiterpene 
episulphides.
4. Attempted synthesis of sesquiterpene episulphides via vicinal 
iodine thiocyanates
4.1. Reaction of Caryophyllene with Iodinethiocyanate
4.1.1. Preparation and isolation
The treatment of vicinal trans iodinethiocyanates with base
often leads to episulphides in good yield. Hinshaw"^ ^ prepared
l-iodo-2-thiocyanato-ethane from ethylene, iodine and thiocyanogen.
Iodine thiocyanate can be prepared by the treatment of a solution
of iodine with potassium thiocyanate at 0°. The addition of alkene
to this solution leads to iodine thiocyanates, often in very high
yield, particularly when the solvent employed was a 1:1 mixture of
112
chloroform and sulpholane.
Reacting caryophyllene with iodine thiocyanate under similar 
conditions led to the complete consumption of caryophyllene, but 
afforded a complex mixture of products. TLC, on silica gel, using 
6:1 hexane/chloroform as solvent revealed 5 spots, but gas chromato­
graphy showed that the mixture contained at least 11 components. 
Preparative TLC failed to provide any of the compounds in a pure 
state and the mixture was too complex for use with preparative g.c.
When the reaction between caryophyllene and iodine thiocyanate 
was carried out in dry chloroform, a similar complex mixture was
mixture revealed 7 pale spots and 1 very intense spot at Rf 0.83
iodine thiocyanate with aqueous sodium thiosulphate, followed by
of solvent under reduced pressure, afforded a sticky brown solid. 
Recrystallisation from methanol furnished pale yellow or colourless 
needles in 507, yield.
The results of chemical and physical analyses are consistent
dodecane (XX). This is in distinct contrast to the expected product 
of either 4-iodo-5-thiocyanato-caryophyllene (XXIa) or 5-iodo-4- 
thiocyanato-caryophyllene (XXIb). The compound (XX) is a genuine 
product of the reaction between caryophyllene and iodinethiocyanate, 
as no reaction was observed when caryophyllene was treated with iodine 
in chloroform.
Sodium fusion showed that sulphur and nitrogen were not present 
but that iodine was: combustion analysis was consistent with the
The IR spectrum did not show any absorptions for thiocyanate or 
isothiocyanate. Also absent from the spectrum were absorptions for 
exocyclic methylene at 3060 cm  ^ or triply substituted double bonds, 
hence the structure was tricyclic.
The lack of protons associated with olefinic bonds is confirmed
(chromatogram visualisation by vapour). Removal of excess
extraction into petroleum-diethyl ether (3:1), drying and evaporation
with the compound being 1,9-diiodo-4,4,8-trimethyl,tricyclo- 6.3.1.0.2>
4.1.2. l,9-diiodo-4,4,8-trimethyl
molecular formula C.-H-.I,..
15 24 2
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&4.54 ppm, integrating for one proton, is consistent with an 
H-C-I grouping. The sharp signals at S 0.96, 1.01 and 1.04 ppm are 
due to the methyl group on C-8 and the gem-dimethyl group respectively. 
No other structural information can readily be ascertained from the 
spectrum.
From the above information, it seemed likely that the compound
125.
was related to caryolan-l,9-diol (XXII). Barton isolated two 
tricyclic derivatives of caryophyllene, caryolan-l,9-diol (XXII) 
the minor product from the epoxidation of caryophyllene using hydrogen 
peroxide, and caryolah-1-ol (XXIIl) the major product obtained when 
treating caryophyllene under mildly acidic conditions. That the 
diiodo compound had the structure (XX) was confirmed by conversion 
into caryolan-1 -ol (XXIIl) and.^C NMR spectroscopy.
XXII XXIII
4.2. Confirmation of the di-iodide structure (-XX). by ^ conversion into . 
the known compound caryolan-1-ol.
4.2.1. Dehydrohalogenation of XX
If the structure (XX) is correct then an E^C type elimination 
of hydrogen iodide should lead exclusively to the alkene (XXIV).
The iodine atom on C-l will not be lost as HI as the formation' of 
double bonds at bridghead carbon atoms is highly unfavourable.
Similarly elimination of the iodine atom on C-9 to give the dodec-8-ene 
is not possible due to the lack of a proton on C-8.
XXIV
Dehydrohalogenation was carried out using tetra-n-butylammonium
o 12 6
bromide in anhydrous dimethyl sulphoxide at 95-100 . This led to 
a single product in 607, yield, after recrystallisation from methanol.
Combustion analysis and mass spectrometry gave the molecular 
formula expected as ^^5 ^2 3 ^* '^ :ie mass sPectrum was virtually identical
to that obtained for XX. This indicates that no skeletal rearrange­
ments had occurred during the chemical dehydrohalogenation and that 
loss of HI from XX in the mass spectrometer leads to the same alkene (XXIV).
The NMR spectrum for XXIV is shown in figure 4. The complex 
signal at £5.49 ppm is due to the two olefinic protons coupled to 
the adjacent methylene group. The complex sets of lines between £2.3 
and £3.1 ppm integrates for 4 protons. Specific decoupling of the 
olefinic protons affects only this part of the spectrum and thus the 
signals due to the 11-methylene group adjacent to the olefinic bond 
must lie in this region. The remaining two protons in this part of 
the spectrum are presumably from the 12-methylene group (in the 
cyclohexane ring). The only other signals readily assignable in this 
spectrum are due to the three methyl groups. The two signals at SO.94 
and 0.95 ppm being due to the two geminal methyls and the signal at 
S 1.02 ppm being due to the methyl on C-8.
4.2.2. l-Hydroxy-4,4,8-trimethy1tricyclo~ .3.1.02, 1^ -dodec-9-ene (XXV)
The-hydroxy analogue (XXV) of the iodo compound (XXIV) is con­
veniently prepared in reasonable yield from XX by dehydrohalogenation 
and S^l solvolysis in dimethyl sulphoxide containing ca 57. water.
It is uncertain in which order the processes occur. The compound 
(XXV) can also be prepared in low yield by treating XXIV with boiling
i— !
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that the two products were indeed identical.
HO
XXV
The hydroxy compound (XXV) is easily separated from any XXIV 
and unreacted XX by chromatography on silica gel. The iodo 
compounds being rapidly eluted with petroleum and diethyl ether/ 
petroleum (1:9) whilst the hydroxy compound is eluted with ethyl acetate. 
The alcohol was characterised by combustion analysis, mass spectrometry 
and IR and NMR spectroscopy.
Combustion analysis gave an empirical formula of ^ 5 ^2 4 ^ and 
mass spectrometry showed the molecular ion at m/z 220. The mass 
spectrum had a fragmentation pattern similar to those found for XX 
and XXIV. Notably a prominent ion was seen at m/z 202(corresponding 
to the loss of H^O), but the base peak was at m/z 109,unlike XX 
and XXIV which both had the base peak at m/z 203.
The IR spectrum shows a strong absorption at 3390 cm ^(OH), a
127
wave number indicative of a tertiary hydroxyl group. The spectrum 
shows only a weak absorption at 1620 cm  ^ (C=C) indicating the near 
symetrical substitution, and a medium band at 3010 cm  ^ for the =C-H 
stretching vibration. The medium absorption at 721 cm ^ along with 
the absence of a medium to strong absorption at 980-960 cm  ^ clearly 
shows that the double bond is cis substituted.
The Hi NMR spectrum is shown in figure 6 . The complex set of
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signals at cja b5.5 ppm is due to the two olefinic protons coupled 
to each other and the adjacent methylene group. The hydroxyl proton 
was shown by D^O exchange to be at 6 1.33 ppm. Decoupling experiments 
showed that the complex band at &2.04 ppm is due to the methylene 
group adjacent to the unsaturated linkage. Decoupling of this band 
caused the signals at S5.5 ppm to collapse to an AB quartet centred 
at S5.45 ppm with J 9 Hz..The only other assignable protons are those 
of the three methyl groups which are seen at 6 0.95, 0.97 and 1.00 ppm.
4.2.3. Caryolan-l-ol (XXIII)
If the structures assigned to XX, XXIV and XXV are correct then
hydrogenation of XXV should give caryolan-l-ol (XXIII), first isolated
1.23 o
by Barton et al as a colourless solid-m.p. 93~9U •„ Hydrogenation of
XXV in ethanol using Adams catalyst gave a colourless solid that on
recrystallisation from light petroleum afforded colourless needles
m.p. 95°•
The IR spectrum shows a strong absorption at 3390 cm  ^ for 
hydroxyl but no absorptions are seen for vibrations associated with 
unsaturated linkages. The NMR spectrum is in agreement with these 
findings.
The physical evidence, including the melting point, shows that
125
the compound prepared is identical to that isolated by Barton and
to which he assigned the structure XXIII. This then confirms that
the structures assigned to XX, XXIV and XXV are correct.
13
4.3 . C NMR Spectroscopy
13
C NMR spectroscopy is a powerful aid to structure elucidation
partly because it is possible to calculate the chemical shifts and
13 1partly because it is possible to correlate the C shifts with H
chemical shifts through the off-resonance decoupled spectra.
13The C decoupled spectra for the diiodo compound (XX) and it's 
dehydrohalogenation product (XXIV) were recorded and the observed 
and calculated chemical shifts are detailed in tables 2 and 3 
respectively.
was; by d e te rm in in g  th e  m u l t i p l i c i t y  o f  each s ig n a l from  the  o ff-re so n a n ce
decoupled s p e c tra  and th e n  com paring th e  chem ica l s h i f t s  w ith  the
c a lc u la te d  va lu e s  f o r  those  carbon atoms.
The c a lc u la t io n s  were made f o r  th e  u n s u b B titu te d  hydroca rbon
r in g  system u s in g  th e  s tandard  e q u a tio n  f o r  a l i c y c l i c  a lk a n e s , and
in  th e  case o f  carbon atoms 9 and 10 in  the  io d o -a lk e n e  (XXIV) u s in g
the  e q u a tio n  f o r  a l i c y c l i c  a lkenes . To these  va lues  were added
increm ents f o r  th e  s u b s t itu e n t  e f fe c ts  o f  io d in e •
The s u b s t itu e n t  e f fe c ts  o f  io d in e  v a ry  g r e a t ly  depending upon 
1 2 8environm ent, Por example in  s t r a ig h t  c h a in  a lkanes io d in e  has a
la rg e  s h ie ld in g  e f fe c t  a t  the  cL and X carbons ~but a d e s h ie ld in g
e f fe c t  a t  th e  carbon atoms. T h is  s i t u a t io n  r a p id ly  changes
w ith  in c re a se d  s u b s t i tu t io n  a t  the  oc carbon atom such t h a t ,  f o r  example,
1 2 8i n  2- io d o -2-m ethy lp ropane the  d  carbon atom i s  d e sh ie ld e d  by  Ca 11 ppm. 
S tud ies  dn  iodocyc lohexane and s u b s t itu te d  d e r iv a t iv e s  have shown th a t  
the  io d in e  s u b s t itu e n t  e f fe c t  i s  d e s h ie ld in g  a t  b o th  ©4 and carbon atoms 
f o r  b o th  a x ia l  and e q u a to r ia l s u b s t i t u t i o n . ^ ^  I n  adamantane ( t r io y c lo -
io d in e  s u b s t itu te d  a t  a b ridgehead carbon , i s  d e s h ie ld in g  by  Ca 20 and
s u b s t itu te d  a t  a non-bridgehead carbon atom th e n  th e  e f fe c ts  a re  s im i la r  
to  those found  i n  iodocyclohexane b u t a ls o  th a t  th e  d e s h ie ld in g  a t  th e
s u b s t itu e n t  e f fe c t  a t  and p  carbon atom s, f o r
15 ppm re s p e c t iv e ly .  T h is  s tu d y  a ls o  showed th a t  when io d in e  i s
and 0 carbon atoms v a r ie s  s l i g h t l y  depending on w hether th e y  a re  syn
o r  a n t i  to  th e  s u b s t itu e n t .
The ^ C  NMR s p e c tra  o f  b o th  XX and XXIV show low  in t e n s i t y  s in g le ts  
a t  060.3 anH 59*3 ppm re s p e c t iv e ly .  These were ass igned  to  th e  q u a te rna ry
iodine in XX and XXIV prompted the use of the substituent effects
found in adamantane for the substituent effect of the tertiary iodine
in XX and XXIV. The substituent effect for the secondary iodine in
XX gave the best correlation between calculated and observed results
when the values for an axial iodine substituent were used. Nickon 
129
et al has shown that the formation of caryolan-l-ol-9-d^, from 
caryophyllene and D^SO^, is stereospecific, the deuterium atom 
being attached exclusively in the axial site. To account for this, 
anti-addition of the and CH^ to the trans endocyclic double bond
is proposed as shown in scheme 1. A similar mechanism appears to 
be working in the formation of XX.
CH
fin
CH
B
U
H
SCHEME 1
For the iodoalkene (XXIV) the substitution effects found in 
iodoadamantane are again used for the substituent effect of the tertiary
iodine. Although the presence of the unsaturated linkage in XXIV will
cause a conformational change in the structure compared to XX, it 
was thought that the magnitude of the substituent effect due to iodine
would outweigh the effects due to conformational change. Typically
chemical shifts vary by Ca 1-3 ppm due to changes in conformation.
In a few cases the correlation between calculated and observed 
values for particular carbon atoms, in both sets of data, are not
which is  known n o t to  he so accura te  f o r  c y c l ic  compounds. A lso  th e  
s u b s t itu e n t e f fe c ts  a re  those  found f o r  s p e c i f ic  compounds i . e .  
1-iodoadamantane and iodocyclohexane and th e re fo re  cannot be s t r i c t l y  
used f o r  XX and XXIV. The h ig h  va lues c a lc u la te d  f o r  C-2 in  XX and 
XXIV and C-8 i n  XX a re  p ro b a b ly  r e f le c t io n s  o f  t h is .  These atoms are 
t e r t ia r y  and q u a te rn a ry , whereas the  s u b s t itu e n t  e f fe c ts  used in  th e  
c a lc u la t io n  were those  found f o r  secondary carbon atoms. I n  th e  l i g h t  
o f  these fa c to rs  th e  o v e r a l l  agreement between c a lc u la te d , and observed 
va lues i s  e n c o u ra g in g ly  good.
The assignm ent o f  carbon atoms is  s e l f  c o n s is te n t w ith  the  
exce p tio n  o f  C-7 and C-8. The. chem ica l s h i f t  o f  C -7, l i k e  C -12, 
would be expected to  r is e  by Ca 5> PPm» n o t I I 4. ppm, due to  th e  rem oval 
o f  the  #  io d in e  i n  g o in g  from  XX to  XXIV. The chem ica l s h i f t  o f  C-8 
i s  p re d ic te d  to  f a l l  by  Ca 8 ppm due to  th e  rem oval o f  th e  (S io d in e ,  
b u t the  observed va lu e s  rem ain n e a r ly  c o n s ta n t i n  g o in g  from  XX -to 
XXIV. The u n e xp e c te d ly  h ig h  s h i f t s  may be due to  c o n fo rm a tio n a l 
changes. The in t r o d u c t io n  o f  th e  A^ double  bond would be expected 
to  produce q u ite  la rg e  co n fo rm a tio n a l changes a t  these two atoms.
Observed and calculated chemical shifts for XX
X X
CARBON ATOM MULTIPLICITY OBSERVED SHIFT 
(ppm)
CALCULATED SHIFT 
(ppm)
1 s 60.3 51.6
2 d 43.1 52.4
3 t 41.4 47.5
4 s 33.8 33.4
5 d 47.0 50.1
6 t 20.7 24.0
7 t 34.1 3 2 . 2
8 s 41.7 50.1
9 d 42.0 46.7
1 0 t 32.8 36.3
1 1 t 48.9 42.4
1 2 t 50.5 51.4'
. 13 q 2 2 . 0 20.7
14 q ) )
)30.3/35.2 ) 25.8
15 q ) )
Observed and Calculated chemical shifts for XXIV
1
XXIV
CARBON ATOM MULTIPLICITY OBSERVED SHIFT 
(ppm)
CALCULATED SHIFT 
(ppm)
1 s 59.3 52.8
2 d 46.2 52.9
3 t 41.4 47.6
4 s 31.6 35.4
5 d 49.3 50.2
6 t 2 1 . 6 24.5
7 t 48.1 37.8
8 s 40.0 41.9
9 d 137.1 141.1
1 0 d 125.0 128.7
1 1 t 50.9 44.2
1 2 t 55.9 56.5
13 q 26.6 25.3
14 q ) )
)30.3/33.0 ) 25.8
15 q ) )
During experiments to prepare the alkene (XXIV) the diiodo 
compound (XX) was treated with tetrabutylammonium bromide in acetone 
at 56°. After refluxing for two days, TLC of the reaction mixture 
indicated that the starting material was largely consumed to afford 
a single product with a similar value to that of the starting 
material.
Isolation by preparative TLC led to a colourless solid, that 
on recrystallisation from methanol gave needles, m.p.-115-116°. The 
NMR spectrum (fig. 6 ) shows that it is not the required alkene, 
and comparison with the NMR spectrum of the diiodo compound (fig. 3) 
also shows that it is not the corresponding iodobromide. The chemical 
shifts of the three methyl groups, 8 1 . 0 0  and 1.04 ppm (gem-dimethyl) 
indicate that no skeletal change has taken place. The doublet at 
8  3.50 ppm and the unsymetrical quintet at Ca 8  3.95 ppm both integrate 
for 1 proton. From their shifts these protons must be attached to 
carbons bearing halogen. A structure of the type (XXVI) can be 
postulated, for this product, as fitting the available NMR data.
XXVI
The mass spectrum shows equal intensity peaks at m /z 283 and 
285 and m /z 227 and 229, indicating the presence of bromine. This 
is confirmed by combustion analysis which gives figures in good 
agreement with the molecular formula C^^H^^Brl. The base peak is 
at m/z 203, in common with the diiodo compound (XX) and the iodo- 
alkene (XXIV), again suggesting a common skeleton.
The mechanism of formation of the possible structure (XXVI) 
can be envisaged as in schemes 2 and 3. Any mechanism proposed must 
account for the fact that only a single product was obtained.
ir\
IA
(.
A
XXVI
SCHEME 3
L
XXVI
a cyclopropane r in g ,  w ith  subsequent a t ta c k  by a n u c le o p h ile  a t  the  
t e r t i a r y  carbon. The main drawback o f  scheme 1 i s  th e  i n i t i a l  fo rm a tio n  
o f  the  a lkene  (XXTV) and the  subsequent th e rm a l fo rm a tio n  o f  a 
carbonium  io n  o r  a r a d ic a l.  The a lkene  (XXIV) i s  form ed in  a good 
y ie ld  i n  th e  th e rm a lly  more e n e rg e tic  process u s in g  EMSO as s o lv e n t.
However, w ith o u t p o s i t iv e  ev idence  as to  th e  s t ru c tu re  i t  i s  
im p o ss ib le  to  draw f ir m  co n c lu s io n s  as to  th e  mechanism. No fu r th e r  
s tu d ie s  were c a r r ie d  o u t to  a s s ig n  th e  s t ru c tu re  o r  e lu c id a te  the  
mechanism.
l i .5 .  R e ac tion  o f  humulene w ith  io d in e  th io c y a n a te  
U .5 .1 . P re p a ra tio n  and is o la t io n
The o rd e r o f  r e a c t iv i t y  o f  th e  double bonds in  humulene has been 
w e ll  e s ta b lis h e d . The 1 ,2  double  bond i s  th e  most re a c t iv e  to  the. 
e x te n t th a t  t h is  bond can be conve rted  in to  th e  epoxide d e r iv a t iv e  
a lm ost to  th e  com plete e x c lu s io n  o f  o th e r  p ro d u c ts . An a tte m p t was 
made to  ta ke  advantage o f  t h is  s e le c t i v i t y  i n  fo rm in g  an io d in e  
th io c y a n a te  adduct.
Humulene was found to  re a c t  c o m p le te ly  w ith  an e q u iv a le n t amount 
o f  io d in e  th io c y a n a te  i n  d ie th y l  e th e r  o r  c h lo ro fo rm , th e  re a c t io n  in  
d ie th y l  e th e r  b e in g  e x tre m e ly  ra p id .  T y p ic a l ly  O . ig  o f  humulene re a c te d  
c o m p le te ly  a t  room tem pera tu re  w i th in  two m in u te s . The p ro d u c ts  from  
th e  d ie th y l  e th e r  and th e  c h lo ro fo rm  re a c t io n s  gave v e ry  s im i la r  t h in  
la y e r  chromatograms on s i l i c a  g e l,  u s in g  3% d ie th y l  e th e r  i n  p e tro le u m , - 
10 components b e in g  d e te c te d  in  each case. The p ro d u c t d is t ib u t io n  was 
la r g e ly  u n a ffe c te d  by  changes in  th e  humulene/lSCN r a t i o .
Repeated chrom atography on s i l i c i c  a c id  (colum ns) y ie ld e d  two 
f r a c t io n s  th a t  gave s in g le  spo ts  by  TLC. One f r a c t io n  on tre a tm e n t 
w ith  d ie th y l  e th e r  and c h i l l i n g  o v e rn ig h t gave c o lo u r le s s  rhomba,
2,5-diisothiocyanato-tricyclo-[8,1,0,0^’J-undecane (XXVII). The 
other fraction could not be crystallised and physical analyses were 
carried out on the oil. This was shown to be a mixture of two 
compounds that could not be separated by thin layer, column or gas 
chromatography. Only limited conclusions as to the nature of the 
two components can be drawn, but the spectroscopic data obtained 
indicates that they are also tricyclic.
The results obtained as to the general nature of the products 
of humulene with iodine thiocyanate indicate that cyclisation to 
form tricyclic derivatives is predominant. Although cyclisation 
of humulene is known it is surprising that this mode of reaction is 
so facile under these conditions. These studies do not provide any clear-cut 
information as to the mechanism of the reaction although the inference 
from the variable substitution found is that it is of a radical type.
NCS
XXVIINCS
4.5.2. 1,5,8,8 -tetramethy1-2,5-dii sothiocyanato-tricyclo- Ls.i.Q.o6 ’J
undecane (XXVII)
Combustion analysis and mass spectrometry give the molecular
formula as C,-,H_.N_Sn.
17 24 2 2
The IR spectrum shows a strong broad absorption at 2095 cm \  
indicating that only isothiocyanate functionality is present. Absent 
from the IR spectrum are any bands indicative of olefinic bonds. 
Particularly noticable is the absence of the strong band at 972 cm  ^
for the trans-disubstituted double bond of humulene.
ine lack oi oletinic bonds was confirmed by the 'H NMR spectrum 
shown in figure 7, where no protons associated with olefinic bonds was 
observed. There is however a complex set of signals, integrating for 
three protons, in theSO-lppm region of the spectrum. This strongly 
indicates a cyclopropane ring. Also present is a complex band at S3.12 ppm, 
integrating for 1 proton, which is consistent with a SCN-C-H system.
It is clear from the above information that the molecule, is tricyclic, 
contains a cyclopropane ring and, only one of the isothiocyanate functions 
is attached to a carbon atom bearing hydrogen. Two structures are 
consistent with this information, (XXVII) and (XXVIII).
CS
XXVI INCS
SCN.
^NCS
X X V I I I
The complex signal at S3.12 ppm, is consistent with coupling to 
a methylene group that does not have complete rotational freedom. For 
structure XXVIII only a doublet would be expected for the SCN-C-H 
proton. Also present in the proton NMR spectrum is a complex four 
proton band at S 2 . 1  ppm, which is consistent with the system
in XXVII but not with that in XXVIII where the pair of coupled 
methylenes would be expected to have rather different chemical shifts.
The mass spectrum shows a weak molecular ion at m/z 320 and-prominent 
lines at. m /z■ 262, 203 and 147. The peak at m/z 262, the base peak, is 
due to loss of -N=C=S, presumably the tertiary isothiocyanate on C-5 
to give a stable tertiary cation. Subsequent loss of HNCS gives rise 
to the peak at m/z 203. The prominent peak at m/z 147 is significant, as 
the loss of 56 mass units, as a (CH3 )2C=CH2 fragment, can easily be 
envisaged as being lost from XXVII but not from XXVIII.
Further evidence for structure XXVII is found in other tricyclic
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which is an oxidation product of humulene'and the hydroxy bromo derivative
(XXX) prepared by treatment of humulene with N-bromosuccinimide. The
proton NMR spectrum of XXIX is very similar to that of XXVII . The
spectral data and the analogies with other tricyclic humulene derivatives
are thus consistent with the compound C,-,H_.N„S„ having the structure (XXVII).
1/ 24 2 2
'H
OH XXIX
13
The C NMR spectrum has been obtained for XXVII and shows 15
sharp lines for the carbon atoms in the skeleton. The carbon atoms of
the isothiocyanate functions are not seen due to line broadening by the
quadrupolar relaxation of the nitrogen and the absence of nuclear over-
hauser enhancement.
Only a few signals in the spectrum can be positively assigned. Few
13
data have been published concerning the C NMR spectra of substituted
cyclopropanes or compounds containing thiocyanate or isothiocyanate groups.
In general cyclopropyl carbons are reported as having chemical shifts
133
in the region £9-23 ppm , the high field values being regarded as 
due to strain within the ring. Calculated values using the general
*1 o j
equation for alkanes are in- the region $ 3U~43 ppni. One report
records the effect of methyl replacement by isothiocyanate as being +22.4 ppm,
but does not give data for the effect on other nearby carbon atoms.
Thus assignment by correlation of calculated and observed values is very 
limited.
Only the signals due to the carbon atoms to which the isothiocyanate 
functions are attached can b'e positively assigned. This is due to their 
particularly low (see above) and relatively characteristic chemical 
shifts. The lowest intensity signal at £58.4 ppm is due to the tertiary
carbon bearing an isothiocyanate group and the signal at S 64.2 ppm is 
due to the secondary carbon atom bearing an isothiocyanate group. The other 
two quaternary carbon atoms give rise to reasonably low intensity 
signals a t S 33.9 and 30.3 ppm but cannot be assigned to particular 
carbon atoms.
4.5.3. Partial characterisation of two other products from the reaction 
between humulene and iodine thiocyanate
The prominent features of the IR spectrum (fig, 8 ) are the strong 
bands at 2150 cm  ^and 2075 cm  ^ showing the presence of both thiocyanate 
and isothiocyanate substitution. A weak band at 3050 cm  ^also indicates 
the presence of a cyclopropone ring.
The mass spectrum, shown in fig. 9 appears to be that of a single 
compound. A molecular ion is evident at m /z 389 and no other ions are 
present that indicate the presence of components with other substitution 
patterns. Prominent ions at /z 262 (loss of iodine) and /z 203 
(subsequent loss of HSCN) give good evidence for the molecular formula
of (h-H-.NCSI.
15 24
It is the NMR spectra that gives positive evidence for the presence
of two components and the most information as to their possible structures.
13
The C NMR spectrum, shown in fig. 10, shows 22 distinct signals, 
as opposed to the 15 expected for a single humulene derivative. (The 
thiocyanate and the isothiocyanate carbon atoms not giving signals under 
the conditions used). The fact that several lines overlap indicates 
the similarity in structure.
t
The NMR spectrum (fig. 11) shows signals in the 0-1 ppm region, 
diagnostic of a cyclopropane ring, but much more complex than encountered 
for the diisothiocyanate (XXVII) and tricyclohumuladiol (XXIX). Absent 
from the spectrum are any signals associated with olefinic protons.
Present in the spectum are two quartets, centred at S3.23 and 4 . 0 2  ppm, 
each presumably due to signals of the X part of an ABX system. However, 
two such sets of signals cannot be rationalised as arising from a single
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proton. This indicates that each component has one substituent attached 
to a carbon atom bearing a single hydrogen and one tertiary substituent.
From the data obtained it is clear that, both components are tricyclic, 
both thiocyanate and isothiocyanate substitution is present and that 
each component contains a different substituent attached to a tertiary 
carbon atom. Thus, the data ore consistent with structures of the type
(XXXI) and (XXXII) for these compounds.
•SCN
XXXIINCS XXXI
5. Some studies on the reactivity of epithiocaryophyllene (XIV)
5.1. Ring opening of epoxides and episulphides
It has been considered that the episulphides XIV and XII, identified
87 91
in the essential oil of hops ’ may be converted to flavour potent 
thiols in the brewing process. Although thiols derived from these 
sesquiterpene episulphides have not been detected in finished beer, 
some model studies were required to discover the stability of these 
episulphides to hydrolytic cleavage.
It is well known that epoxides are opened by both acids and bases 
to give vicinal diols, that may be converted further, depending on the 
conditions used. It has also been shown that the direction of ring
135 136
opening of epoxides and episulphides is largely dependent upon structure 9
These studies (ch.' 1$3.3.2.) have shown that the epoxide ring of ' 
caryophyllene epoxide is opened equally in both directions. It therefore 
seemed likely that the episulphide would react in a similar manner.
Caryophyllene epoxide has been shown to be totally unreactive 
toward reagents that attack the back of the epoxide ring (ch. 1 $3.2.)
This is, presumably, due to the inability of the reagents to gain access to the
ring. Thus only acid catalysed reactions are effective in preparing 
derivatives of this epoxide and so it is not unreasonable to assume 
that caryophyllene episulphide will only undergo ring opening via acid 
catalysed conditions.
5.2. Acid catalysed reactions of caryophyllene episulphide
Surprisingly, caryophyllene episulphide was found to be remarkably 
stable toward hydrolytic cleavage using dilute mineral acids. No reaction 
was observed with 0.2811,11(21 in methanol, even after extensive refluxing.
The treatment of caryophyllene episulphide with 3.5M HC1 in 
methanol did result in its complete consumption, but a complex mixture 
of products resulted, some of which did not contain sulphur. That 
the majority of the sulphur containing products were thiols was shown 
by the quantitative removal of these by the treatment of a portion of 
the reaction mixture in ether with 2 0 %  aqueous lead acetate.
It is well known that caryophyllene undergoes several cyclisation
99 100
reactions under acid conditions. * The appearance of two products 
could be explained by the episulphide ring opening in both directions, 
as was seen with caryophyllene epoxide ( $ 3 .3 .2 .). The complex mixture 
obtained indicates that several cyclisations as well as ring opening 
have probably occurred. The small amounts of caryophyllene episulphide 
(XTV) employed in these reactions meant that isolation of any of the 
products could not be undertaken.
The use of Lewis acids as a catalyst was also tested. Caryophyllene 
episulphide in methanol was not affected by borontrifluoride at room 
temperature, but did react when refluxed for 8 . 5  hours to give .•
(Ca 30%) a .single compound, that! eluted from the g.c. column (conditions B) 
close to the solvent peak. This product could not be isolated by either 
preparative layer chromatography or by formation of the 2,4-dinitro. - 
benzylthioether. That the product was a thiol was shown by the formation 
of a pale yellow precipitate on treatment of the reaction mixture with 
lead acetate.
Although it is generally recognised that episulphides cannot be 
converted into episulphoxides, there is one report on the preparation 
of an episulphoxide from the corresponding episulphide with m-chloro- 
peroxybenzoic acid. As caryophyllene episulphide appeared so stable 
to mild acids an attempt was made to prepare the episulphoxide with 
m-chloroperoxybenzoic acid in diethyl ether or dichloromethane at 
-15> to -20°C. However, only an intractable gum was obtained which failed 
to show sulphoxide absorption in the IR.
5.U. Stability of caryophyllene episulphide to aerial oxidation
Many hop oil components undergo oxidation either during the storage 
of hops awaiting use or during the brewing process, particularly the 
wort boiling stage. The stability of caryophyllene episulphide to 
oxidation at elevated temperatures was thus investigated.
The passage of a stream of air through a solution of caryophyllene 
episulphide, in light petroleum at 6 0 ° led to the formation of trace 
levels of three new sulphur containing compounds after U05 hours. On 
changing the solvent to m-xylene and raising the temperature to 1 0 2 °, 
caryophyllene episulphide was completely desulphurised after 6 3  hours 
to give caryophyllene (VIIl) as the major product in Ca 90% yield.
Possibly the sulphur is lost as SO^; this might be expected were 
the episulphide to be oxidised to the episulphone. Such thermal
*1 oft
decompositions may proceed via a singlet diradical intermediate.
Although there seem to be no reports on the formation of episulphones from 
episulphides and oxygen this does appear to be a possible reaction.
9.5. Some general conclusions
Prom the limited results obtained, it is clear that caryophyllene 
episulphide is stable under mildly acidic conditions but undergoes a 
series of reactions under more vigorous conditions. It would seem 
unlikely that caryophyllene episulphide would be converted to thiols
might regenerate caryophyllene with formation of sulphur dioxide
Organo-sulphur heterocycles derived from myrcene
1. Introduction
Myrcene (VI) is the major monoterpene found in the essential oil
of hops comprising, as it generally does, up to 30% of the whole oil.
139
Although first detected by Chapman in 1903 , it was not chemically
characterised until 1924 by Ruzicka etal^.
VI
87
Peppard noted that the level of several monoterpenes and sesquiterpenes
in hop oil was significantly reduced when steam distilled hop oil was
treated with elemental sulphur at ambient temperature in the presence
of light. It has been pointed out that monoterpenes do react with 
87 93
elemental sulphur ’ , but at elevated temperature.
However even at ambient temperature myrcene (VI) interacted with 
87
elemental sulphur to form some seven prominent sulphur compounds when
the solutions were stored in the light. Two of these have been isolated
87 93
and characterised * as 3-(4-methyl-3-pentenyl)-thiophen(XV) and
4-(4-methyl-3-pentenyl)-3,6-dihydro-l,2-dithiine (XVI). These compounds 
have been shown to be present in steam distilled hop oils.
•S 
-S
XV XVI
87 93
From GC-MS studies of the reaction mixture Peppard ’ proposed 
that two of the other products were the mono- and trisulphide homologues 
of XVI.
Further studies of the reaction between myrcene and elemental sulphur^
homoloques of XVI are formed, and these have been synthesised. The 
mono-sulphide (XXXIV) could not be synthesised (except in traces), 
but g.c retention data clearly indicates that this compound is present. 
Thus a linear plot is obtained of the adjusted retention volume (or 
kovats retention index) for authentic samples of the di-, tri- and tetra 
sulphides and the suspected mono-sulphide versus the number of sulphur 
atoms, (see figure 1 2 ).
The tri- and tetra-sulphide (XXXV) and (XXXVI) have been shown to 
be present in the steam distilled oil of hops treated with excess sulphur 
(see figure 13).
2. Cyclic trisulphides - A literature survey
Linear trisulphides are well known and a diverse variety have been 
synthesised and many have been isolated from natural sources. Cyclic 
trisulphides are, however, much less common and only a few examples are 
known from natural sources.
Of the naturally occurring cyclic trisulphides, two have been 
isolated as metabolites of the fungi pithornyces chartarum. These are 
related to the major metabolite, sporidesmin and are thus called 
sporidesmin-E^^^, ^ ^(XXXVII) and sporidesmin-C^^(XXXVIIl)
XXXIV XXXV X X X V I
X XX VI I
OH OH
XXXVI I I
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Two other naturally occuring cyclic trisulphides have been isolated 
as the components responsible for the characteristic odour of the 
edible mushroom letinus edodes. They have been characterised as
There are, as yet, few synthetic methods for cyclic trisulphides, 
and these tend to give mixture's of homologous sulphides and often
They were prepared by treatment of bifunctional Bunte salts with sodium 
sulphide in phosphate buffer, the Bunte salts being prepared from the 
corresponding dihalide and sodium thiosulphate. In most cases a mixture 
of di-, tri- and tetra-sulphides as well as polymeric material was formed. 
The reaction, also, was not general and in several cases only polymer 
was formed.
146 147
Backer and Schotte prepared 5,5-dimethyl-l,2,3-trithiane by
the direct interaction of sodium tetrasulphide with 1,3-dibromo-
2.2-dimethylpropane. 5,5-disubstituted r-1,2,3-trithianes were also
prepared, in good yields, using sodium tetrasulphide with 1,3-dimesyl-
148
2 .2 -disubstituted propanes.
Dithiols have also been used to advantage in the synthesis of 
cyclic trisulphides. 2,2-Disubstituted-propane-l,3-dithiols and 
cyclohexane-1 ,2 -dithiol with sulphur dichloride in the presence of 
triethylamine afforded the corresponding 1 ,2 ,3-thithianes^^ and
1,2,3,5,6-pentathiacycloheptane (XXXIX) and 1,2,3,5-tetrathiacyclo
XXXIX XL
. njuch polymeric material.
Milligan et al and Kabuss et al prepared a number of cyclic
144/ v 144
trisulphides, including 1,2,3-trithiane (XLI), 2,3,4 benzotrithiapin
(XLII) and l,2,3,-trithiapane1 4 5 (XLIIl) and l,2,3-trithiapin1 4 5 (XLIV)
mixture of the di- and tri-sulphides was obtained. Recently, Japanese 
150
workers have treated organo-silicon and organo-tin derivatives of dithiols 
with sulphur dichloride to furnish the corresponding trisulphides in 
excellent yields. The reaction is not general and only unsubstituted
1,2,3-trithiane (XLl) aijd 1,2,3-trithiapane (XLIIl) have been prepared.
5
I
S
XLI X L I I XLIII X L I V
su
Norbornene and some of its derivatives on reaction with activated
151 152
lphur at elevated temperatures yielded 1,2,3-trithiolans 9 . The
S3 fragment adding across the endocyclic double bond of the norbornene 
ring system. Cycloheptatriene, however, on similar treatment yielded 
bicyclo-|^4,3, -l,2,3-trithianona-5,7-diene^~^(XLV)
XLV
148-150
3. Cyclic polysulphides derived from myrcene
3.1. Preparation and isolation
Dithiols have been used for the synthesis of cyclic trisulphides
(see sect.2). The appropriate dithiol for the present purposes is the
compound (XLVI ) conveniently prepared by mild reduction of the disulphide
(XVI) with amalgamated aluminium. However, on treatment with sulphur
dichloride, in the presence of'triethylamine, only the original disnlphide
(XVI) was obtained.
Cyclic trisulphides have also been prepared from the corresponding 
144 1 4 5
Bunte salts * . These are generally prepared by refluxing the
corresponding dihalide with sodium thiosulphate in aqueous ethanol.
chlorine or bromine were unsuccesful, only unreacted myrcene and poly-
halogeno derivatives being obtained. Bunte salts can also be obtained
by treatment of thiols with chlorosulphonic acid, followed by methanolic
154
sodium hydroxide or sodium methoxide
Thus, reaction of the dithiol (XLVl) with chlorosulphonic acid in 
anhydrous diethyl ether, at 0 °C followed by the stoichiometric amount 
of methanolic sodium hydroxide yielded a precipitate of sodium chloride 
and the bifunctional Bunte salt (XLVII).
,5-503Nq
I'SOjjNa
Xl_vr XLVII
The di-thiosulphate was isolated by adsorption onto Amberlite-XAD2, 
a resin that preferentially adsorbs water soluble organic material from 
aqueous solution. Dissolution of the Bunte salt/sodium chloride mixture 
in water and stirring with Amberlite-XAD2 followed by filtration and 
elution with methanol afforded the Bunte salt (XLVII) essentially free 
from sodium chloride.
The slow addition of aqueous sodium sulphide to a solution of the 
Bunte salt (XLVII) in 0.25M phosphate buffer at pH 8 followed by extraction 
into chloroform gave on removal of solvent a resinous reddish/brown 
material. Gas chromatography of a portion of this material, using dual
F.I.D. and F.P.D. revealed the presence of three sulphur containing 
compounds in a 20:10:1 ratio. The peak with the lowest retention time 
was shown, by co-chromatography with authentic material, to be the cyclic 
disulphide (XVI). All three compounds co-chromatographed with compounds 
formed in the initial myrcene/sulphur reaction and with three compounds 
in steam distilled hop oil. G.C-MS showed that the products had molecular 
ions at m /z 200, 232 and 264. A linear plot was obtained of the adjusted
compounds are the di-, tri- and tetra-sulphides, (XVI), (XXXV) and 
(XXXVI).
Compound (XXXV) was isolated from the reaction mixture by application 
to a column of silicic acid and elution with petrol, purified by distilla­
tion and passage through columns of alumina and silica gel. This was 
necessary because of the great similarity in chromatographic properties 
of the di- and tri-sulphides. Physical and chemical analyses were 
consistent with the product being 5-(4-methyl-3-pentenyl)-l,2,3-trithia-
cyclohept-5-ene (XXXV).
155
Milligan prepared linear tetrasulphides by similar treatment of 
the corresponding Bunte salt with sodium disulphide. Thus confirmation 
that the third sulphur containing product was indeed the tetrasulphide 
(XXXVI) was obtained by treatment of XLVII. with sodium disulphide.
The addition of aqueous sodium disulphide followed by extraction 
and gas chromatography, as previously carried out for the trisulphide, 
revealed the same three peaks, but this time in a 1:2:5 ratio. Again 
application to a column of silicic acid and elution with 2% chloroform 
in petrol afforded the tetrasulphide as a mobile pale yellow oil.
Again the chemical and physical analyses are in accord with the proposed 
structure.
Initially, some doubt existed as to the purity of the isolated 
sample. Monitoring of the column fractions, was carried out by g.c and 
indicated that certain fractions contained only tetrasulphide. On 
combining the fractions and removing the solvent, g.c of the pure material 
indicated that it was a mixture of di-, tri- and tetra-sulphides in a 
1:3:7 ratio. It was noted that the peak due to the trisulphide was 
particularly broad and tailed into the peak due to the tetrasulphide.
This was thought to be due to pyrolysis taking place on the g.c column. 
Indeed, when a diluted sample was run at lower oven and injection block 
temperatures, the ratio was raised in favour of the tetrasulphide
considerably. Combustion analysis and particularly -LH NMR spectroscopy 
gave strong evidence that the sample was essentially pure. Indeed the 
lH NMR spectrum showed no indication of the presence of any di- or 
tri-sulphide.
3.2. Characterisation of myrcene derived cyclic poly-sulphides and 
intermediates
3.2.1. 2-(4-Methyl-3-pentenyl)-.2-butenyl-1,U~dithiol (XLVl)
87
This was partially characterised by Peppard as evidence for the 
structure of the disulphide (XVI). Only the NMR spectrum and the 
g.c- mass spectrum were- obtained. The present studies have-extended 
the characteristion to include combustion analysis9 the IE..spectrum 
and the boiling point.
The dithiol (XLVI) was prepared by reduction of the disulphide (XVI) 
with amalgamated aluminium and was purified by distillation through a 
Vigreux column.
The fraction with the boiling point range 64-65°/0.2 mm Hg was
shown by gas chromatography to be one compound. Combustion analysis
confirmed the molecular formula to be CinH. S0.JLU lo  L
The IR spectrum showed the expected weak absorbtion due to thiol
-1 -1
at 2550 cm and weak bands in the 1600-1700 cm region for triply
substituted double bonds.
3.2.2. Di( sodium) 2-(4-methyl-3-pentenyl)-2—butenyl—- l,4-di( thiosulphate) (XLVII) 
The Bunte salt was obtained, from aqueous methanol, as pale yellow
plate like crystals. It was found to be highly hygroscopic and had to 
be kept in a dessicator at all times. Vacuum drying gave the Bunte 
salt as its monohydrate, C^QH^^Na^O^S^.lH^O by combustion analysis. The 
derived silver sodium double salt was anhydrous, C^QH^AgNaO^S^. The 
parent dithiosulphonic acid could not be isolated and thus a mass 
spectrum could not be obtained.
The NMR spectrum of the sodium salt was, as expected, very
87 93similar to those reported for the disulphide (XVI) and the dithiol (XLVI) *
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lower than those in the disulphide. This is to be expected due to the
increased electronegativity of the thiosulphate as compared to the
disulphide linkage. The ethylenic proton adjacent to the thiosulphate 
Seejn a.s
methylene isj(a triplet, J_ 8 Hz, centred at ppm. This is very
similar to the coupling for the equivalent proton in the dithiol of 
8.4 Hz. The absorptions for the protons in the alkenyl chain are very 
much the same as in the disulphide and the dithiol.
The IR spectrum is not particularly informative showing only 
absorptions for saturated C-H, unsaturated C-H and the water of 
crystallisation.
3.2.3. 5-(4-Methyl-3-pentenyl)-l,2,3-trithiacyclohept-5-ene (XXXV)
The spectroscopic properties of the trisulphide are very similar 
to those of the disulphide (XVl). In particular, the IEL spectra, are 
virtually identical, only the * fingerprint* region showing discernible 
differences.
That the compound was not a thiol or a thioketone was shown respectively L„ 
the absence of a weak absorbtion at 2600-2550 cm ^ and a strong absorbtion
at 1200-1050 cm  ^ regions of the IR spectrum, ( figure 2. ). HronL.
the IR spectrum only evidence for the triply substituted double bonds 
could be found.
The most striking feature of the mass spectrum of the trisulphide
(XXXV) is the characteristic loss of -Sj-S^H and fragments from
the molecular ion m /z 232, as reported by Goor^^. Also prominent in
the mass spectrum are ions at m /z 69 and 93, both of which are characteristic 
156of myrcene.
It is the NMR spectrum, shown in figure 17, that shows the most 
interesting differences from that of the disulphide. It is also significantly 
different in one respect to that of the tetrasulphide (XXXVI) (see sect; 3.2.4)
The signals at £*1.61 and 1.68 ppm and S 2.20 ppm were due the two
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side chain. The olefinic proton of this chain resonates as a broad 
band atS5.10 ppm. These positions are virtually identical to those in 
the disulphide. The two ring methylene groups, appeared as individual 
complex bands in the disulphide, now occur as a single complex band in 
the trisulphide, centred at 6 3.65 ppm. Also significantly the ring 
olefinic proton resonates as a not quite resolved triplet, X 7.9 Hz, 
centred a t S 5.57 ppm. This coupling constant compares well to the 
coupling constants of 8 . 0  and 8 . 4  Hz found in the di-thiosulphate 
(XLVIl) and the dithiol (XLVI). The fact/ that the ring methylenes 
resonate in the same region and that the ring olefinic proton can couple, 
in almost first order fashion, to the adjacent methylene, clearly 
indicates the increased freedom in the trisulphide ring compared to the 
disulphide ring.
145
Kabuss et al , have shown by variable temperature NMR spectroscopy 
that the trisulphide ring can exist in two conformers and that the energy 
barrier is very small. At room temperature only an averaged signal is 
obtained. For 1,2,3-trithiapin (XLIV), this average signal is centred 
at 63.97 ppm and agrees well with the value of 6  3 *65 ppm obtained for 
the trisulphide (XXXV).
3.2.4. 6-(4-Methyl-3-pentenyl)-l,2,3,4-tetrathiacyclooct-6-ene (XXXVI)_
The mass spectrum shows the same type of fragmentation as the 
disulphide (XVI) and the trisulphide (XXXV). The tetrasulphide has the 
molecular ion at m/z 264 with ions at m/z 232, 200, 167 and 135 corres­
ponding to losses of -S, “S2 J “S3 ** and “S^H fragments from the molecular
m 11
ion.Other prominent ions are at /z 69 and 93 characteristic of myrcene*
It is again the H NMR spectrum that is the most interesting spectro 
scopic feature of this molecule. The NMR spectrum is shown in figure 18. 
The signals at Si. 60 and 1.67, S2.04 and 6 5.11 are due to the protons 
on the alkenyl chain as for the trisulphide(XXXV).The resonances due to 
the ring protons are now, however, entirely first order. The isolated 
methylene group resonates as a sharp singlet at 6  3.61 and the methylene
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at 8 3  .60 ppm. The olefinic proton . Sl^ ncx.!; Is a fully resolved triplet, 
J, 9.3 Hz, centred at&5.65 ppm.
These results clearly show that the eight membered ring has little 
or no conformational restriction.
4. Myrcene derived cyclic monosulphides
4.1. 2,5-Dihydrothiophens
There is little in the literature about 2,5-dihydrothiophen or its
derivatives. There are but two methods for the preparation of 2,5-
dihydrothiophen. Partial reduction of thiophen with alkali metals in 
157
liquid ammonia or the cyclisation of cis-l,4-dichloro-2-butene with 
158
sodium sulphide .The former method yields both the 2,5- and 2,3-
dihydxo isomers and requires careful fractional distillation or removal
159
of the 2,3-dihydro isomer with aqueous acid . The latter method gives 
only the 2 ,5-isomer but also forms butadiene episulphide, which is 
removed in situ with further sodium sulphide to form polymer which can 
be filtered off.
Derivatives of 2,5- and 2,3-dihydrothiophen have been prepared in
order to characterise the individual isomers and include the sulphoxides,
sulphones and various addition products.
In contrast the chemistry of thiophen has been studied extensively
160
and a number of comprehensive treatises have been published .It thus
seemed that the simplest route to the thiolene (XXXIV) was via the reduc-
157
tion of the thiophen (XV).by the method of Birch . Separation of 
isomers could be carried out by fractional ditillation and/or preparative 
gas chromatography.
4.2. Attempted preparation of 3-(4-methyl-3-pentenyl)-thiophen
4.2.1. General methods for the preparation of 3-substituted thiophens
The rates of reaction of thiophen, toward both electrophilic and 
nucleophilic substitution, are between 600 and 1 0 0 , 0 0 0  times faster than 
that of benzene.
The chemistry of thiophen is, however, dominated by the enhanced
sulphur atom. This stabilisation is predominantly in favour of those
intermediates involving the 2- and 5- positions. Thus, <*■ -substitution
is generally observed, often exclusively, even causing expulsion or
rearrangement of a substituent. Thec*-selectivity is reduced on increasing
the vigour of the reagent or the reaction temperature, but at best this
only reduces the°</jS ratio from 2 0 0  to 82^^. a very wide range of
reagents and conditions can be considered in thiophen chemistry, but
specific 3-substituted derivatives are difficult to prepare.
Some specific 3-substituted thiophens are readily available, but
there is only one useful method of preparing 3-substituted thiophens.
3-Nitrothiophen can be prepared in good yield by steam distillation
162
of 4-nitrothiophen-2-sulphonylchloride or treatment of the iodonium
163
salt with sodium nitrite . A mixture of 2- and 3- tert-butylthiophen
is obtained on treating thiophen with 2 -methyl-l-propene and sulphuric 
164
acid . 3-Bromothiophen, the most important intermediate in the synthesis
of 3-substituted thiophens, is readily prepared by selective °<-debromination
165
of 2,3,5-tribromothiophen or treatment of 2-bromothiophen with alkali
metal amides in liquid ammonia'*'^.
Several 3-substituted thiophens can be prepared by treatment of
3-bromothiophens in copper mediated reactions including 3-methoxythiophen^^,
3-chlorothiophen^^ and 3-acetoacetyl-4- and 3-acetoacetyl-2-thienoic 
169acids
However the most useful application of 3-bromothiophen for synthesis
170
is the readiness in which it undergoes halogen-metal exchange • The 
resulting thienyl-lithium can be treated with a variety of reagents under 
a variety of conditions to give good yields of 3-substituted products’*"^.
4.2.2. Reactions involving 3-thienyl-lithium
Bromo- and Iodo-thiophens react almost instantaneously with 
n-butyl-lithium at -70° or even -100° in ether solution, giving an 
equilibrium mixture almost completely in favour of the thienyl-lithium.
c< - halogens exchange before|5-.
In these studies 3-thienyl-lithium, prepared from 3-bromo-thiophen
and n-butyl-lithium in diethyl ether at -72°, was treated with 1-bromo-
4-methyl-3-pentene, l-lodo-4-methy1-3-pentene and 1,3-dibromopropane,-
the alkenyl halides being prepared by the method of Julia. Below 0 °
no reaction was observed, as shown by gas chromatography of the hydrolysis
products? only thiophen, unreacted bromothiophen (Ca 5%) and unreacted
halide being found. Above 0°C, a significant amount of ring opening
172
occured, as reported by Jakobsen to yield derivatives of mercapto- 
vinylacetylene of the type(XLVIIl).
R- S-CH=CH-C=CH
XLVIII a, R = CH2 GH2 GH=G(GH^ ) 2
b , R = CH2CH2CH2CH^
c, R = CH2 CH2 CH2Br
Thus the major products from the reaction with 1-bromo- and
l-iodo-4-methy1-3-pentene were 10-methyl-5-thia-deca-3,8 -dienyl-l-yne 
(XLVIIIa) and 5“,thia-nona-3-;enyl-1-yne (XLVHLb). With 1,3-dibromo- 
propane the major product was 8-bromo-5-thiaoct-3-enyl-l-yne (XLVIIIc) 
with significant amounts of (XLVIIIb), tlie n-butyl derivative of 
mercapto-vinyl-acetylene being derived from the n-butyl-lithium. With
1,3-dibromo-propane a small amount of 3-bromopropylthiophen, Ga 5%i . 
was obtained.
Tetrahydrofuran has been used to advantage when carrying out reactions 
with thienyl”lithium. It was hoped that the use of this more polar 
solvent would promote the loss of LiBr, without ring opening, to give 
the substituted thiophen.
With l-iodo-4-methyl-3-pentene, no reaction with 3-thienyl-lithium 
was observed until the temperature of the reaction was raised and 
maintained at +5°.
Gas chromatography of the reaction mixture showed that 4 sulphur 
containing products had been formed. The retention volumes were different
these products showed that they corresponded to 2 of the minor peaks
in the chromatogram for the similar reaction in diethyl ether. It
was also found that the major products from the reaction in diethyl
ether were minor products in the reaction in THF.
G.C.-M.S. of the sulphur containing products from the reaction
in THF indicated that they were 2- and 3-(U~me'fchyl-3-pentenyl)-thiophen,
(IL) and (XV) , 3~bromo-2- (lj.-methyl-3-pent enyl)-thiophen (h) and
3-bromo-2,5-his(i;-methyl-3-pentenyl)-thiophen (Ll). Chromatography on
silicic acid and elution with petroleum yielded these compounds as
three fractions. The first was a mixture of IL and XV, as shown by
HMR and co-chromatography with authentic XV, whilst - the second and
third fractions were L' and LI respectively.
It is well known that, at ambient temperature, a halo-thiophen/
butyl-lithium reaction mixture undergoes a complex series of metallation/
halogen-metal exchange equilibria. For 3-bromothiophen the predominent
170
equilibria are known and are shown in scheme lj..
SCHEME 4
LI is formed as an extension of equation 2 in scheme 4^. This involves 
substitution of the lithium by the alkenyl reagent to give (L), which 
then undergoes metallation at the £ position and further substitution.
considerably. The mono-substituted product (IL) shows a complex 
pattern for the three aromatic protons, very similar to that for
2-bromothiophen. The di-substituted product (L) shows an AB quartet for 
the two aromatic protons at S 6.90 and 7*10 ppm, J'^.O Hz. Only one
(Li). In all three compounds the signals from the protons in the 
alkenyl side chains are virtually identical.
It is interesting to see the dramatic change in the products 
afforded by changing the solvent from diethyl ether to tetrahydrofuran. 
This clearly demonstrates the important role played by the solvent in 
reactions involving organo-lithium compounds. In this case the tetra­
hydrofuran is sufficiently polar to stabilize the thienyl-lithium to 
such an extent that ring opening is not a favourable process. However, 
it is evident from the various considerations and experimental results 
that the 3 -alkenyl-thiophen was unlikely to be obtained in significant 
yield by this approach. Hence this route to the thiolene (XXIV) was 
abandoned.
IL XV L
B r
R - (CHo)0C=CH(CHo)
1
This information aided the interpretation of the H UMR spectra
aromatic proton is seen, at S 6 .1$ ppm, for the tri-substituted thiophen
^     v n - m c  uiy i~ J-|JCULtia.yX / -tlllOieilS I P O m
Grignard reactions
4.3.1. l-Qhloro-3-(chloromethyl)-7-methyl-oct-6-enyl-3-ol 
158
Evarhardus prepared 2,5-dihydrothiophen by cyclisation of cis-1,
4-dichloro-2-butene with sodium sulphide. As any route to the required
thiolene (XXXIV) must include the formation of a carbon-carbon bond
158
and/or a cyclisation step, the work of Everhardus is a valuable 
entry to the thiolene ring. Thus the following synthetic route was 
examined (scheme 5).
MqBr
+•
C 1C H2L. (C H2) 2 CI 
O
H O .
LIT
XXVII LI11
SCHEME 5
The ketone, 1,4-dichlorobutanone, was readily prepared by the passage
of ethylene through a solution of chloroacetylchloride in the presence
17 3 17 A-
of aluminium chloride 9 . Inverse addition of the Grignard Reagent
to the ketone and removal of unreacted magnesium should largely prevent 
reaction between the Grignard reagent and the chlorine atoms of the 
ketone. It was found however that the worked up reaction mixture was
Column chromatography, using silicic acid and elution with diethyl 
ether/petroleum, afforded the alcohol (LII) in Ca 157„ yield. It could 
not be isolated pure, a small amount of an unidentified ketone always 
being present. Variation of the reaction conditions did not raise the 
yield and did not prevent the product being contaminated with ketone.
The alcohol (LII) was characterised by NMR spectroscopy and 
mass spectrometry.
Due to the low yield at the first stage of the synthesis the rest 
of the synthetic route was not tested. It is clear that even inverse 
addition did not prevent considerable reaction taking place at the 
chlorine atoms.
4.3.2. l-(4-methyl-3-pentenyl)-3-thiacyclopentan-l-ol (LIII)
It is clear from the above work (^4.3.1.) that cyclisation 
must be carried out before the formation of the carbon-carbon bond.
The treatment of 1,4-dichlorobutanone with sodium sulphide yielded 
3-thiacyclopentanone in low yield. This ketone is however obtained in
r
good yield by the reaction of methyl acrylate with the sodium salt of
175
methylthioglycolate in dimethyl sulphoxide followed by hydrolysis 
and decarboxylation of the resulting ester^^^,as shown in scheme 6 . 
SCHEME G
C 0 2 M e  
O  C O M e  (lH
r — -ii 
\ c © “ >  C H 2
+
The ketone was characterised as the 2,4-dinitrophenyIhydrazone 
and was shown to be identical with that previously reported. ^ 6
The reaction of l-bromo-4-methylpent-3-ene with 3-thiacyclopentanone 
via the Grignard derivative gave l-(4-methyl-3-pentenyl)-3-thiacyclopen- 
tan-1-ol (LIII) in 70>£ yield, which was characterised by IR and H NMR
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gave results consistent with the proposed structure.
HO
LIII
The effect of reducing the 6 membered ring of the disulphide to 
the 5-membered ring of LIII has a marked effect on the EMR spectrum, 
shown in figure 21. The complex set of sharp lines centred at Ca 6  2.9 
ppm is due to the ring methylene groups adjacent to sulphur, and demon­
strates the rigidity of the 5-membered ring. The corresponding protons 
in the cyclic disulphide (XVI) are seen As two rather broad bands.
The 5-ring methylene has signals centred at Ca 6  2.0 ppm. One of the 
protons can be seen as an octet of lines centred at 62.03 ppm, the 
second proton is partially masked by the geminal dimethyl group that 
has signals at 81.63 and 1.69 ppm. Also partially masked by the 
methyl signals is the triplet due to the 1-methylene group of the side 
chain. The second methylene in the side chain shows a broad signal
at Ca 6 2.15 ppm, whilst the olefinic proton is seen as a triplet of
septets at 65.15 ppm. The hydroxyl proton was shown by D^O exchange
to be at 62.28 ppm.
4.3.3. Attempted dehydration of LIII
Although dehydration of the alcohol (LIII) need not lead exclusively
to the thiolene (XXXIV) it was hoped that it would be formed in
reasonable yield, enabling it to be isolated by either distillation
or chromatography.
It is common for dehydration to be acid catalysed, £_-toluenesnlphonic
acid being frequently used as a catalyst, but it is .'"reported that
alcohols of cyclic systems can be.dehydrated in.dimethyl sulphoxide
177
to give predominantly endocyclic products.
Both methods, however, gave the cyclisation product 3-tetrahydro-
product. When using £ - toluenesulphonic acid this was exclusively 
formed and was readily isolated from unreacted starting material by 
chromatography on silicic acid. In dimethyl sulphoxide it was the 
major product, accompanied by a small amount of 1 other sulphur contain­
ing compound that did not co-chromatograph with any of the compounds 
in the myrcene'/sulphur reaction mixture. The nature of this second 
compound was not investigated.
The IR, H NMR and mass spectra are consistent with LIV having 
the proposed structure.
The mass spectrum shows the molecular ion at m/z 186 and did not 
show a prominent peak for the loss of H^O at m /z 168. The base peak 
is the molecular ion showing that there are no easily lost functional 
groups or groups to direct fragmentation. Absent from the IR spectrum 
are absorbtions due to hydroxyl at Ca 3500 cm  ^ or olefinic bonds in 
the region 1600-1700 cm"^ ..
The NMR spectrum (fig.22) is particularly complex and clearly 
shows that two rigid ring systems are present. Absent from the spectrum 
are any signals due to olefinic or hydroxyl protons. The geminal 
dimethyl group appears as a singlet at Si . 2 0  ppm, a position consistent 
with it being adjacent to an oxygen function, and the [[-methylene group 
appears as a singlet at S2.81 ppm.
Cyclisations of this type are well known. They occur frequently 
with the lupulones and humulones, particularly in acid solutions, 
giving various types of benzopyrans, benzofurans and chromans. It is, 
then, not surprising that such a reaction should occur with the alcohol 
(LIII) but it is surprising that it should occur exclusively under
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conditions that are favourable for dehydration.
4.4. Cyclisation of a 1,4-dithiocyanate derivative of myrcene
The formation of 2,5-dihydrothiophen by the treatment of 1,4-
158
dichlorobut-2 -ene with sodium sulphide has already been mentioned,
and the reaction should give reasonable yields if good leaving groups
are present. Vicinal dithiocyanates are reported to give episulphides
178
on treatment with sodium sulphide ,thus thiocyanate would seem to
be a suitable leaving group in cyclisation reactions involving sulphide.
Thiocyanates are reported as being prepared by the treatment of the lead
179
complex of a thiol with cyanogen halides . Thus the conversion of 
the dithiol (XLVI) to the 1,4-dithiocyanate (LV) and treatment of this 
with sodium sulphide to afford the 3-thiolene (XXXIV) was attempted.
5CN
5CN
LV
The dithiol (XLVI) is readily converted to the lead complex by 
treatment of an ethereal solution of the dithiol with aqueous lead 
acetate. The bright yellow complex is insoluble and is filtered off.
Cyanogen bromide reacted rapidly with a suspension of the lead 
complex in diethyl ether. The bright yellow colour of the complex 
faded to leave an off-white suspension of lead salts. TLC of the 
resultant ether solution revealed a complex mixture of products, of 
which the major product, Ca 707,, was the cyclic disulphide (XVI). 
Chromatography on silicic acid afforded a colourless waxy solid in 
137„ yield that gave a single spot when examined by TLC. Subsequent 
physical analyses however indicated that it was a mixture of two 
compounds, containing thiocyanate and isothiocyanate functional groups.
The IR spectrum showed the characteristic absorption bands for
CO
•j
The H NMR spectrum was that of a mixture, although reminiscent of the
spectrum of the dithiol (XLVT). A doublet and a singlet both centred at
£>3*68 ppm apparently consistent with the dithiocyanate (LV), integrated
for only 2.5 protons and not the four protons expected (2 x CH^SCN).
There was also a:small broad peak at Ca 3.2 ppm that integrated for 1.5
protons. The other signals in the H NMR spectrum are as expected. Two
singlets, integrating for six protons, at S 1.60 and 1.68 ppm, are due
to the geminal dimethyl group. A broad band at S 2.25 ppm, that
integrated for four protons, is due to the two adjacent methylene groups
in allylic positions. Finally the two olefinic protons display signals at
S 5.05 and 5*71 ppm and integrate for one proton each.
The mass spectrum shows only one molecular ion, at m /z 252,
which is correct for the molecular formula C^H .  ,N0 S_. The characteristic
IZ 16 2 Z
loss of -SCN followed by loss of HSCN to give prominent ions at m /z 
194 and 135 is also observed. However, also present is an ion at 
m /z 219 due to the loss of -SH. This can only arise from an i_so_thio­
cyanate function.
The evidence obtained suggests that the dithiocyanate (LV) is 
present and that at least one other component is also present, containing
isothiocyanate. Thiocyanates are known to rearrange to give isothio- 
181
cyanates, this being particularly facile in allylthiocyanate which
182
rearranges via a cyclic intermediate. The formation of iso thiocyanate
in this study cannot be readily explained by a mechanism involving a
cyclic intermediate and thus an ionic mechanism seems likely.
The treatment of the mixture obtained by chromatography with
methanolic sodium sulphide led to only one volatile product, the
cyclic disulphide (XVI). Isothiocyanates readily add nucleophiles to 
183
the carbon atom to give addition products across the N=C bond. Thus 
the isothiocyanates present in the starting mixture have presumably
reaction mixture and thus at least one of the thiocyanate functions
has been displaced in the reaction. It is also reported that in
reaction with sulphide, thiocyanates undergo S-CN cleavage as well as 
183
substitution. The formation of the disulphide from the bis-thiocyanate 
can be envisaged as occurring by one of the following mechanisms, 
schemes 7 and 8 .
SCHEME 7
SCHEME S
. S C N
Both mechanisms proposed have a disadvantage. In scheme 7 we 
would expect some monosulphide to be formed and in scheme 8 we would 
expect the formation of some trisulphide. Neither of these, however, 
were detected. Although thiocyanate was readily detected, no method 
could be found for identifying cyanide ion in the presence of thiocyanate, 
The proposed mechanisms remain to be confirmed.
U.5. Conclusions
The small amount of information in the literature about 
2 ,5>-dihydrothiophen and substituted 2 ,5 -dihydrothiophens indicates the 
difficulty in obtaining these compounds.
The present studies have demonstrated the difficulty of obtaining
3 -substituted thiolenes and 3 -substituted thiophens. 3 “ (U“tiethyl-3 “ 
pentenyl)-thiophen was obtained in low yield, but the predominence of
a highly unsatisfactory route to the thiolene (XXXIV).
The five membered thiacyclopentane ring is readily obtained, as 
shown by the preparation of 3-thiacyclopentanone. The ketone is a 
satisfactory intermediate for 3-substituted thiolene derivatives; 
the H^O addition product (LIII) of the thiolene (XLIV) being obtained 
in reasonable yield via the Grignard reaction. Were it not for the 
fact that an alkenyl substituent was present then the resulting alcohol 
from a Grignard reaction should have dehydrated to yield a mixture 
from, which the required..thiolene, could almost certainly have been ■ 
isolated.
The marked stability of the cyclic disulphide (XVI) was again 
emphasised by its appearance in the reaction of the dithiocyanate with 
sodium sulphide (^4.4.) Any attempt to produce thiolenes utilising 
cyclisation with sodium sulphide should be carried out using starting 
materials that do not have sulphur in the leaving group, although as 
was shown in section 4.3.1. these are difficult to access.
These experiments indicate that 3-a'lkyl-thiolenes (as opposed to 
the 3 “alkenyl-compounds) should be readily obtainable via the 
1-substituted-3-thiacyclopentan-1-ol.
The interaction of Sulphur with hop resins 
1. Introduction
The chemistry of the hop resins has been studied extensively 
for nearly 80 years, primarily because of their importance to the
brewing industry. Their chemistries have been thoroughly reviewed
- ioaa 17,40,41,42,184 up to 1966. 9 9 9 9
In finished beer the bitterness is derived from the hop resins 
whereas 'hop character and aroma' is derived from the essential oils.
The constituents of the hop resins that give rise to the bitterness 
of finished beer are known as the bitter acids and consist mainly of 
the *-acids and the ^ 3-acids. In the brewing process the bitter 
acids undergo complex chemical transformations, some of the products 
surviving into finished beer. Two groups of compounds, the iso-«*-acids 
(LVI) and the hulupones (LVIl), are mainly responsible for bitterness 
in finished beer. In the northern European genus of hop, Humulus 
1 upulus, the major component of the °^-acids is humulone ( i j R K ^ C t U C H ^ ^ )  
and of the^-acids, colupulone (IIjR^CHCCH^^) • Thus the bittering 
principles in finished beer are isohumulone ( L V I j R ^ ^ C H K C H ^ ^ )  an<3 
cohulupone (LVIIjR^HCCH^)^).
R
HO
HO
R
II
HO
LVI
O  
11
C> •R
LVJI
adhumulone (I,R=sec-bu), together with colupulone (II), lupulone 
(II,R=sec-bu) and adlupulone (H,R=sec-bu) are found in the bitter 
acids and thus the corresponding isomerisaticP. products are formed and
contribute to the overall bitterness of finished beer.
91 9 3
In the light of the results obtained * from the storage of 
sesquiterpenes and monoterpenes with elemental sulphur a similar study 
with the <X- and /5-acids was carried out. Both the<X- and /3-acids 
contain ethylenic linkages that may be susceptible to reaction with 
atomic sulphur to yield organo-sulphur compounds. It was also considered 
possible that sulphur analogues of oxidation products may be formed if 
the <*- and^3-acids were allowed to oxidise in the presence of elemental 
sulphur.
Little or none of thee*,- and/3-acids survive into finished beer 
because of their low solubility in the wort. That which goes goes into 
solution is largely converted to iso-o^-acids and hulupones. Thus 
sulphur derivatives of the c{- and /3-acids themselves if present might 
not have detrimental effects on finished beer. However the isohumu- 
lones and hulupones are considerably more soluble and sulphur derivatives 
of these might well have detrimental effects-on the flavour of finished 
beer.
The area of study, although potentially very large was restricted
to the resins that give rise to compounds that survive into finished
beer, that is humulone and colupulone. Both of these were found to be
unreactive toward sulphur and consequently the studies were extended
to a humulone derivative, dehydrated humulinic acid (LVIII) and a lupulone
analogue, 2-acety 1-4,i|,6-tri-(prop-2-enyl)-cyclohexane-1,3,5-trione (LIX) .
These contained ethylenic linkages that were potentially more reactive
than those in humulone or colupulone. It was hoped to show that the
resins are generally unreactive toward sulphur or show that only
certain types are reactive. In particular (LVIII) contains a conjugated
93diene system, which has been shown to be reactive in the case of myrcene
In general attention was directed only towards sulphur containing 
products formed in these studies.
o o
'OH
Ch^CHtCH^) 2 R
L V III L IX
2. Analytical procedures for the products from reactions ofcK- and
In these studies it was necessary to demonstrate the presence of 
any organo-sulphur products. Experience suggested that the products
thin layer chromatography, on silica gel.
All reactions were monitored by TLC. The chromatograms obtained 
for the products from reactions involving sulphur were compared with 
the chromatograms obtained from blank reactions, i.e. those not con­
taining sulphur.
Visualisation of chromatograms was carried out using UV light 
(254nm), I^ vapour, methanolic FeCl^, acidic palladium chloride and 
I^/NaN^/starch. The first three reagents are general and the other 
two ’sulphur specific*. Two sulphur specific reagents were required.
The ^/NaN^/starch reagent is extremely sensitive toward organo- 
sulphur compounds but has the disadvantage that being a redox type 
reagent it may oxidise the products on the TLC plate to give false 
positive results. Acidic P d C ^  is not as sensitive as the I^/NaN^/starch 
reagent but does not give false positive results. In cases where 
I^/NaN^/starch gave positive results, the sample was fractionated by 
column chromatography or preparative TLC and the enriched fractions 
rechromatographed by TLC and visualised using acidic PdCl^,. In this 
way it was possible to demonstrate conclusively the presence, or absence,
from reactions with and ^ -acids would be conveniently separated by
In some cases reaction products were examined by High Performance 
Liquid Chromatography in order to achieve enhanced sensitivity for 
the detection of products formed in low yield. Again chromatograms 
of sulphur containing and non-sulphur containing compounds were 
compared. In all cases the results obtained from the analysis by 
TLC were confirmed.
3. -Acids
3.1. Humu lone
Humulone contains two dimethyl alkenyl side chains and a conjugated 
diene system in the cyclohexene ring. Based on the results obtained 
on storing sulphur with terpenes, it is at these unsaturated linkages 
that reaction would be expected. Thus reactions were carried out under 
mild conditions that would be favourable for the formation of atomic 
sulphur and its subsequent reaction.
Three sets of conditions were studied. Two photochemical at 
ambient temperature, involving a) the storage of a solution of humulone 
and sulphur in daylight and b) irradiation of a solution of humulone 
and sulphur with a low pressure mercury discharge lamp. Photochemical 
dissociation of S would lead to both triplet and singlet sulphur
O
moieties giving insertion and addition products respectively. Photo­
dissociation of phenylisothiocyanate affords triplet atomic sulphur,- 
which in a suitable sensitizer, such as benzene, leads to singlet 
atomic sulphur and thus only addition products would be expected. The 
third set of conditions involved the storage of a solution of humulone 
and sulphur at 60° with a stream of air passed through it.
Humulone was found to be completely unreactive toward sulphur 
under all these conditions. No sulphur compounds of any sort being 
detected apart from unreacted phenylisothiocyanate in photochemical 
reaction b .
In photochemical reaction a),humulone in solution in the presence of 
sulphur was unchanged in the complete absence of oxygen after being left
solution and again leaving it in daylight for several days, it was
observed that the humulone was rapidly consumed to yield two major
products and many minor products. The major products had the same
values as two compounds found in a mixture prepared by boiling humulone
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in dilute aqueous sodium carbonate. It is reported that humulone is
186
converted to isohumulone by the action of diffuse daylight.
Only unreacted humulone and phenylisothiocyanate and the products 
of decomposition of phenylisothiocyanate, phenylisocyanide and elemental 
sulphur,were found after 4 days in photochemical reaction b.
The aerial oxidation of humulone in the presence of sulphur at 
60° led to the complete consumption of humulone, affording a major 
product after 3 days. The major product had the same Rf value and 
gave the same colour reaction with FeCl^ as humulinone (LX).
HO '
HO OH
LX
The expected reaction sites were the ethylenic linkages in the 
alkenyl side chains and the conjugated diene system. The complete 
lack of any organo-sulphur products derived from humulone shows the 
very low reactivity of these sites. The double bonds in the side 
chains, although triply substituted (c.f. caryophyllene and humulene 
in ref. 91) will not be under such strain as they are in the cyclic 
systems already encountered, and thus, presumably, have a lower 
reactivity.- Myrcene has an identical dimethyl alkenyl chain and there 
is no evidence for reaction of sulphur with this bond (see chapter II). 
Again, by analogy with myrcene we would expect a Diels-Alder type 
addition to the conjugated diene system in the 6 -membered ring.
However in humulone the high degree of substitution will lead to these 
bonds being very sterically hindered, making the addition of bulky
3.2. Dehydrated humulinic acid
Isomerised hop extract occasionally contains dehydrated humulinic
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acid (LVIII) as a minor component. This compound contains a conjugated 
diene which is more closely analogous to that found in myrcene. As 
LVIII only occurs in isomerised hop extract it is unlikely to give* 
rise to organo-sulphur compounds that will survive into finished beer. 
However it was pertinent to see if this would react with sulphur 
under mild conditions to give further evidence as to the reactivity of 
hop resins toward elemental sulphur.
Two photochemical reactions were studied. Solutions of LVIII 
and sulphur, in the presence and absence of oxygen were irradiated 
by daylight for several weeks and a solution of LVIII and elemental 
sulphur was irradiated with a low pressure mercury discharge lamp in 
the absence of oxygen.
Again no reaction with sulphur, or indeed of any kind, was observed. 
The total lack of reactivity was a little surprising in view of the 
results obtained with myrcene. However, the Dreiding model of LVIII 
shows that the dienyl side chain is unlikely to take up a cisoid 
configuration, due to interaction between the methyl groups and the 
ring methylene. As this configuration is necessary for the Diels-Alder 
type reaction with sulphur *dienophiles* then the lack of reaction is, 
perhaps, not so surprising.
4. fS-Acids
4.1. Colupulone
Colupulone (II) is structurally very similar to humulone, having 
another dimethyl alkenyl side chain in place of an hydroxyl and a shorter 
acyl chain. Thus the arguments put forward for humulone as to the 
possible reaction sites with sulphur also apply here, even though the 
chemistries of the two are quite different. The /J-acids are nnich 
more sensitive to oxidation than the o^-acids, and rapidly oxidise in 
stored hops or when oxygen is passed through its solutions. This gives
Again a range of reaction conditions were studied. As with humulone
solutions of colupulone were irradiated with direct daylight and a low
pressure mercury discharge lamp and subjected to aerial oxidation at 60°.
In addition a mixture of colupulone and sulphur was heated in refluxing
water and a solution of colupulone and sulphur irradiated with a medium
pressure mercury discharge lamp.
No products of any sort were found when a solution of colupulone
and sulphur was irradiated by daylight,or with a 400W medium pressure
mercury discharge lamp, in the absence of oxygen or when a mixture of
colupulone and sulphur were heated to 1 0 0 ° in the presence of water,
for four hours, in the absence of oxygen.
When a solution of colupulone and sulphur was irradiated by daylight
in the presence of oxygen, one major product and several minor products
were formed. The major product had the same Rf value as an authentic
sample of cohulupone. (LVII,, R^HCCH^)^)
One major product was also detected when colupulone wa^ oxidised
at 60° in the presence of sulphur. This compound gave a positive test
with the PdCl^ sptay reagent and had a lower Rf value than cohulupone.
This compound was isolated by a combination of column chromatography
and preparative layer chromatography. When subjected to the Lassaigne
sodium fusion test, however, it was found not to contain sulphur.
Oxidation of colupulone, under similar conditions, without sulphur has
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been shown to afford a hydroxy derivative of cohulupone (LXI) as 
the major product. The compound isolated however had a considerably 
higher melting point than that recorded for LXI. It also shows 
considerable shift, in the u.v spectrum when acid is added to the solution. 
The maxima at 253 and 323 nm in alkaline solution and at 280 nm in acid
seen in LVIII and LXI. The exact nature of the compound however has 
not been determined.
LX I
Surprisingly, the irradiation of a solution of colupulone and 
phenylisothiocyanate, under nitrogen, at 254 nm gave a complex mixture 
of products, all the colupulone being reacted after 5 days. One 
compound that had an-Rf value higher than that of colupulone gave a 
positive result with I^/NaN^/starch and PdCl^ spray reagents. This 
was isolated by column chromatography along with a considerable amount 
of phenylisothiocyanate, as shown by the IR and NMR spectra. The 
H NMR spectrum showing a large peak in the aromatic region and a 
spectrum reminiscent of hop acids in the highfield, 8 1 - 5  ppm, region.
The phenylisothiocyanate was largely removed under vacuum and the 
hop acid isolated on a semi-preparative scale using a TLC plate. The 
resulting residue was found not to contain sulphur when analysed by 
the Lassaigne sodium fusion test. As this was not an organo-sulphur 
compound its exact nature was not determined.
4.2. 2-Acetyl-tri-(prop-2-enyl)-cyclohexane-l,3,5-trione (LVIX)
Due to the complete failure of colupulone to react with sulphur 
the studies were extended to include a lupulone analogue with a potentially 
more reactive side chain.
in the side chains it was hoped to show if the dimethyl substitution 
did sterically hinder reaction. Two reactions were carried out. The 
irradiation of solutions of the analogue (LVIX) and sulphur with daylight 
in the presence and absence of oxygen and with UV at 254 nm in the 
absence of oxygen.
In both cases of irradiation in the absence of oxygen, no reaction 
at all was observed, even after long periods of irradiation. In the 
presence of oxygen and irradiation with daylight the analogue (LVIX) 
was completely converted to a number of products in 14 days. None of 
the products contained sulphur and were assumed to be analogues of the 
oxidation products of colupulone.
5. Conclusions
From the studies carried out it is clear that the hop resins are 
unreactive toward sulphur under mild conditions.
The organo-sulphur compounds obtained from the terpenes, under
similar conditions, are derivatives of double bond systems that are
strained,i.e. caryophyllene and humulene,or sterically unhindered, i.e.
myrcene. With the hop resins the unsaturated linkages are not strained,
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as with the cyclic systems encountered , and are hindered. The 
reactivity of isolated double bonds due to strain seems to be an 
important factor, in the light of the lack of reactivity experienced 
with the lupulone analogue (LIX).
With the DieIs-Alder type reaction between sulphur and conjugated 
dienes (i.e. myrcene) steric hinderance may be an important factor.
The conjugated diene system shown to exist predominantly in the 6 
membered ring of hop resins is extremely hindered. Other contributory 
factors to the low reactivity may include the taut outer ism of the 
8 cyclohexadiene-one8 system. If the tautomerism is not important then 
perhaps the bond angles or the distance between the ends of the diene 
system (which may be different from those in myrcene) may be critical.
EXPERIMENTAL
Ultraviolet spectroscopy
Ultraviolet (UV) and visible spectra were recorded using a Pye
Unicam SP800 or SP8100 spectrophotometer, with a matching pair of
silica cells of 1 cm path length.
Infrared spectroscopy
Infrared (IR‘) spectra were recorded using either a Perkin Elmer
157G or 577 grating spectrophotometer. Liquid samples were examined
as thin films (0.025mm) between sodium chloride plates. Solid samples
were examined as Nujol mulls, between sodium chloride or potassium
bromide plates or as potassium bromide discs.
Nuclear Magnetic Resonance Spectroscopy
The majority of proton magnetic resonance (^H NMR) and all Carbon-
13
13 magnetic resonance ( C NMR) spectra were recorded using a Bruker 
WH90 (Fourier transform) instrument at 90 and 22.6 MHz respectively. 
Some NMR spectra were recorded using a Perkin Elmer-Hitachi R-24 
instrument operating at 60MHz. Unless otherwise stated NMR spectra 
were recorded at 90MHz.
Mass Spectrometry
All mass spectra were recorded using an AEI MS12 mass spectrometer, 
compounds being introduced into the ion source via either a direct 
insertion probe, or a hot Gallium system, or a GC-MS interface. All 
mass spectra were obtained using an ionisation energy of 70eV.
The mass spectrometer was linked to a Pye 104 gas chromatograph 
by means of a molecular separator. Gas chromatographic conditions were 
as described in the analytical gas chromatographic procedures.
Refractometry
Refractive indices were measured using an Abbe refractometer. 
Melting Points
These were measured on either a Gallenkamp melting point apparatus 
using capillary tubes or on a Koffler micro melting point apparatus 
(Reichert-Wein). Melting points are uncorrected.
All solvents were purified prior to use in the following ways. 
Benzene - Distilled at atmospheric pressure, b.p. 80-81°, and kept 
over sodium wire.
Chloroform - Distilled at atmospheric pressure, b.p. 61-62°, and stored 
over 5A molecular sieve.
Cyclohexane - Distilled at atmospheric pressure, b.p. 80-81°, and 
kept over sodium wire or 5A molecular sieve.
Diethylether - Diethyl ether (2.5 l) was shaken (occasionally);with 
calcium chloride (3 O-I4O g). After 2k hours the ether was filtered 
and treated with fresh sodium wire (8-10 g) for a further. 24 hours. The 
ether was then distilled at atmospheric pressure, b.p. 3 5 -3 6 ° /  from.- 
clean sodium pieces (2 —3 s) slid. "the 'distillate kept over sodium wire. 
Dimethyl sulphoxide - Drierite (25g) was stirred with 500 ml of dimethyl 
sulphoxide for 48 hours. The dimethyl sulphoxide was decanted, and 
distilled from potassium hydroxide (Ca lOg) at reduced pressure, b.p. 
34-35°/15mmHg, and kept over 5A molecular sieve.
Ethyl acetate - This was distilled at atmospheric pressure, b.p. 77-78°, 
and kept over 5A molecular sieve.
Petroleum - The commercial fraction, b.p. 60-80°C, was distilled at 
atmospheric pressure to give a fraction b.p. 61-75°C. Throughout 
this work, petroleum refers to this fraction b.p. 61-75°C, unless 
otherwise specified.
Tetrahydrofuran - To stirred tetrahydrofuran was added lithium 
aluminium hydride in small amounts (ca O.lg) until the addition of 
fresh hydride failed to produce a bris!k effervescence. The resulting 
mixture was then distilled at atmospheric pressure to give anhydrous 
tetrahydrofuran, b.p. 6 5 - 6 6 °, and was kept over molecular sieve.
Thin Layer Chromatography
All thin layer chromatography was carried out using Kieselgel
60 GF2 ^  (E. Merck. Darmstadt) of 0.25 mm thickness on glass plates.
Solvent systems for development and reagents for visualisation are
listed with the appropriate experimental details. In.general iodine
vapour was used for visualisation.
Liquid-solid Adsorption chromatography
Adsorption chromatography was carried out in glass columns
slurry-packed with silica gel (for adsorption chromatography, 80-120#'
B.D.H. chemicals) or silicic acid (AR grade, 100^=, mallinckrodt 2847,
Mallinckrodt inc) using petroleum.- Solvents used for the elution of
particular compounds are listed with the appropriate experimental
details. Collected fractions were examined by TLC or GC (see below).
Analytical Gas Chromatography
Analytical GC was carried out using a Pye GCV gas chromatograph,
*
fitted with a 1 : 1  outlet splitting device to allow synchronous examina­
tion of the column effluent by flame ionisation*and flame photometric 
detectors.
The following packed glass GC columns and operating conditions 
were used throughout these studies and are referred to in the experimen­
tal details as ’conditions A,B,C, or D*.
Conditions A:-
1.5m x 4mm I.D., 37> OVI on chromosorb W AW DMCS 80-100#; oven program 
100 to 220°C at s'min"1.
Conditions B:-
1.5m x 4mm I.D., 37« 0V17 on chromosorb W AW DMCS 80-100#; oven program
50 to 250°C at 50°min 
Conditions C:-
1.5m x 4mm I.D., 2^70 Carbowax 20M on Chromosorb W AW DMCS 80-100#; 
oven program 60 to 190°C at 3°min
1.5m x 4mm I.D., 10?o Carbowax 20M on Chromosorb W AW DMCS 80-100# ; 
oven program 60 to 190°C at 3°min
The carrier gas used in all cases was nitrogen (OFN grade, B.O.C.) 
with flow rates generally between 40 and 50 ml/min. The injection port 
temperature and detector block temperature were always 150° and 180°C 
respectively.
High Performance liquid chromatography
HPLC was carried out using a Constametric III pulseless pump, and a 
100 x 4mm i.d. stainless steel column packed with Zorbax ODS and Pye 
Unicam LC-UV variable wavelength detector. The solvent was a) for 
the separation of humulones or lupulones water/methanol/acetic acid 
(30:70:1) or b) for the separation of humulone or lupulone reaction 
products water/methanol (40:60) containing 0.3M citrate buffer at pH 3. 
The flow rate was generally between 0.5 and 1.0 ml/min.
me attempted synthesis of some sesquiterpene episulphides
a nd  c h a r a c t e r i s a t i o n  o f  some t r i c y c l i c  s e s q u i t e r p e n e  
e p i s u l p h i d e s .
Hop o i l  s e s q u i t e r p e n e s  a n d  d e r i v a t i v e s
C a r y o p h y l l e n e  ( V I I )  was o b t a i n e d  c o m m e r c i a l l y  ( K o c h -  
l i g h t )  a n d  was f o u n d  t o  c o n t a i n  C a . 10% h u m u le n e . H u m u le n e
was re m o v e d  b y  s h a k i n g  t h e  c a r y o p h y l l e n e  ( 2 5 g )  i n  p e t r o l e u m  
(1 0 0  m l )  w i t h  s u c c e s s i v e  p o r t i o n s  o f  a q u e o u s  s i l v e r  n i t r a t e  
(4  x  25 m l ,  5 0 % ).  T he  o r g a n i c  l a y e r  was d r i e d  (N a ^ S O ^ )  a n d  
t h e  s o l v e n t  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e .  O x i d a t i o n  
p r o d u c t s  w e re  re m o v e d  b y  p a s s a g e  down a c o lu m n  o f  a l u m in a  
a n d  e l u t i o n  w i t h  d i s t i l l e d  l i g h t  p e t r o l e u m  ( b . p .  4 1 - 5 8 ° ) .
H u m u le n e  ( V I )  was i s o l a t e d  f r o m  a h u m u le n e  r i c h  
f r a c t i o n  o f  h o p  o i l  ( W h i t e - S t e v e n s o n )  u s i n g  a m o d i f i c a t i o n
l8 9o f  t h e  m e th o d  o f  H i l d e b r a n d .  Hop o i l  was d i s t i l l e d  i n  
v a c u u o  ( 0 . 1 5  mm H g) t h r o u g h  a 50  cm V i g r e u x  c o lu m n  a n d  a 
f r a c t i o n  b . p .  7 5 ~ 7 8 °  was s h o w n  b y  g . c .  ( c o n d i t i o n s  A )  t o  
c o n t a i n  C a . 60% h u m u le n e  ( 3 0  m l ) .  T h i s  f r a c t i o n  was 
d i l u t e d  w i t h  p e t r o l e u m  ( 1 0 0  m l )  a n d  s t i r r e d  w i t h  a q u e o u s  
s i l v e r  n i t r a t e  ( 1 0 0  m l ,  50%) f o r  t h r e e  h o u r s .  T h e  r e s u l t i n g  
o f f - w h i t e  s o l i d  was r e c r y s t a l l i s e d  o n c e  f r o m  b o i l i n g  e t h a n o l  
(600  m l ) .  The  h u m u l e n e - s i l v e r  n i t r a t e  a d d u c t  ( 3 2 . 5 g )  was 
s t i r r e d  w i t h  a q u e o u s  am m on ia  ( 1 5 0  m l . ,  d .  0 . 8 8 )  a n d  d i e t h y l  
e t h e r  f o r  5 m i n u t e s .  T he  o r g a n i c  l a y e r  was w a s h e d  w i t h  
s a t u r a t e d  N a C l (3 x  25 m l ) ,  d r i e d  (N a ^ S O ^ )  a n d t h e  s o l v e n t  
e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  y i e l d  a c o l o u r l e s s  
l i q u i d  ( l l . l  g )
C a r y o p h y l l e n e  e p o x id e  ( I X )  w as p r e p a r e d  b y  t h e  m e th o d  
119o f  W a r n o f f .  P u r i f i e d  c a r y o p h y l l e n e  ( lO . O g )  i n  a n h y d r o u s  
d i e t h y l  e t h e r  ( 1 0  m l )  c o o l e d  t o  0 °  was a d d e d  d r o p w is e  t o  a
d i e t h y l  e t h e r  (60  m l )  c o o le d  t o  0 ° .  T he  s o l u t i o n  was 
s t o r e d  a t  0 °  f o r  2 h o u r s  a n d  t h e n  a t  a m b ie n t  t e m p e r a t u r e  
f o r  l 8  h o u r s .  T he  r e s u l t i n g  e t h e r  s o l u t i o n  was w a s h e d  w i t h  
a q u e o u s  s o d iu m  h y d r o g e n  c a r b o n a t e  (5% , 4 x  30 m l )  a nd  
s a t u r a t e d  N a C l (2 5  m l ) ,  and  t h e n  d r i e d  ( N a ^ S O ^ ) .  R e m o v a l 
o f  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  a f f o r d e d  a c o l o u r l e s s  o i l  
t h a t  on  r e c r y s t a l l i s a t i o n  f r o m  m e t h a n o l  g a v e  c o l o u r l e s s  
n e e d le s  ( 5 » 5 g ) ,  m . p .  63- 63 . 5° .
1 , 2 - E p o x y h u m u le n e  ( X I )  was p r e p a r e d  b y  a m o d i f i c a t i o n
119o f  t h e  m e th o d  o f  W a r n o f f .  H u m u le n e  ( 5 - 0 g )  i n  a n h y d r o u s
d i e t h y l  e t h e r  ( 1 0  m l )  c o o le d  t o  0 °  was a d d e d  d r o p w is e  t o
a solution of m-chloroperoxybenzoic acid ( 4 . 3g) in
a n h y d r o u s  d i e t h y l  e t h e r  ( 4 0  m l )  c o o l e d  t o  0 ° .  T h e  s o l u t i o n
was s t o r e d  a t  0 °  f o r  24 h o u r s .  The  r e s u l t i n g  e t h e r  s o l u t i o n
was w a s h e d  w i t h  a q u e o u s  s o d iu m  h y d r o g e n  c a r b o n a t e  ( 5%,  2 x
30 m l )  a n d  s a t u r a t e d  N a C l (25 m l )  a n d  t h e n  d r i e d  ( N a ^ S O ^ ) .
R e m o v a l o f  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  a f f o r d e d  a
c o l o u r l e s s  o i l  (5-35g)- A p o r t i o n  o f  t h i s  (l.Og) was a p p l i e d
t o  a c o lu m n  o f  s i l i c a  g e l  ( B . D . H .  -  f o r  a d s o r P t i o n
c h r o m a t o g r a p h y )  a n d  e l u t e d  w i t h  d i e t h y l  e t h e r / p e t r o l e u m
(l:9) to give 1,2-epoxyhumulene ( X I )  (0.5lg)« The I R  and 
1
H NMR s p e c t r a  w e re  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h o s e
121r e p o r t e d  b y  D a m o rd a ra n .
Caryophyllene epoxide (IX) and potassium thiocyanate
A) Caryophyllene epoxide (IX) (2.0g) was added to a solution of 
potassium thiocyanate (1.08g) in 1:1 methanol/water (30 ml) and vigourously 
stirred at ambient temperature for 30 hours. The solution was saturated 
with salt and filtered. Organic material was extracted into diethyl 
ether ( 2  x 2 0 ml) and the combined extracts were washed with water
(2 x 20 ml) and dried (Na^SO^). Gas chromatography (conditions B) 
showed that only unreacted caryophyllene epoxide was present.
B) Caryophyllene epoxide (IX) (2.0 g) was added to a solution of 
potassium thiocyanate (2.0g) in methanol (30 ml) and vigorously
stirred at ambient temperature for 70 hours. The methanol'was evaporated 
under reduced pressure and the organic material extracted into diethyl 
ether which was washed with water (2 x 20 ml) and dried (MgSO^). Gas 
chromatography (conditions B) showed that only unreacted caryophyllene 
epoxide was present.
C) Caryophyllene epoxide (IX) (2.0g) in methanol (5 ml) was added to 
a solution of potassium thiocyanate (2.0 g) in methanol (30 ml) and 
stirred under reflux for 2 hours. The solution was treated as in B.
Again only caryophyllene epoxide was found.
D) Caryophyllene epoxide (IX) (2.0 g) in dimethyl sulphoxide (5 ml) 
was added to a solution of potassium thiocyanate (2.0 g) in 1MS0
(35 ml) and vigorously stirred at 60°C for 4 hours. The resulting 
solution was cooled to ambient temperature and poured into water (40 ml). 
Organic material was extracted into cyclohexane (3 x 20 ml) and the 
combined cyclohexane extracts washed with water ( 3  x 1 0 ml) and dried 
(Na^SO^). Gas chromatography (conditions B) showing only caryophyllene 
epoxide to be present.
Caryophyllene epoxide with thiourea
Caryophyllene epoxide (IX) (2.8 g) in methanol (10 ml) was added 
to a solution of thiourea (2.0 g) in methanol (90 ml) and refluxed for 
12 hours. The methanol was evaporated under reduced pressure and the
extracts washed with water (2 x 20 ml) and dried (Na^SO^). Gas 
chromatography (conditions B) showed only unchanged caryophyllene 
epoxide to be present.
Caryophyllene epoxide, thiourea and sulphuric acid
Caryophyllene epoxide (IX) (2.0 g) in methanol (10 ml) was added 
dropwise over 40 minutes to a stirred solution of thiourea (1.5 g) 
and sulphuric acid (1.5M, 0.5 ml) in methanol (20 ml). Stirring was 
continued for a further 3 hours during which time the solution gradually 
became turbid. To the resulting mixture was added sodium carbonate 
(1.5 g) in water (45 ml) and the whole was stirred for 2 hours.
Organic material was extracted into diethyl ether (3 x 20 ml) and the 
combined extracts were washed with water (3 x 10 ml) and dried (Na^SO^).
Gas chromatography (conditions B) showed the presence of 6 compounds, 
none of which corresponded to caryophyllene episulphide.
-1,2-5umulene epoxide (XI), thiourea and sulphuric acid
1 ,2-Humulene epoxide (XI) (0.5 g), thiourea (0.16 g) and sulphuric 
acid (3N, 0.75 ml) in methanol (20 ml) were stirred at ambient temperature 
for 7 hours, during which time a colourless solid formed. The mixture 
was then divided into equal portions. To the first portion, sodium 
carbonate (0.25 g) in water (10 ml) was added and the whole stirred 
for 1 hour. Organic material was extracted into diethyl ether (2 x 15 ml) 
and the combined extracts was washed with water ( 2  x 1 0 ml) and dried (Na^SO^). 
Gas chromatography (conditions B) showed that no sulphur containing 
compounds were present. The second portion was filtered and the solid 
washed with methanol and dried. The filtrate was poured into water 
(50 ml) and extracted with diethyl ether (2 x 15 ml) and the combined 
extracts washed and dried. Gas chromatography (conditions B) gave an 
identical chromatogram to that obtained for the carbonate treated 
portion. The solid was shown to be a mixture of thiouronium sulphate 
and sulphur.
Caryophyllene epoxide (IX) (0.1 g) was added to a solution of 
potassium thiocyanate (0.2 g) and sulphuric acid (987.,, 0.3 ml) in 
1 : 1  chloroform/sulpholane ( 1 0  ml) and the solution stirred at room 
temperature for 2 hours, after which time TLC indicated that all the 
epoxide had reacted. The reaction mixture was poured into water (50 ml) 
and extracted with diethyl ether (25 ml) which was washed with water 
(2 x 10 ml) and dried (MgSO^). After removal of solvent under reduced 
pressure the residue was dissolved in 3:1 methanol/dioxan (60 ml) 
and added to methanolic potassium hydroxide (27,, 2 0 ml) and stirred 
for 2 hours. This was poured into water (100 ml) and extracted with 
diethyl ether (2 x 15 ml) and dried (CaCl^). Gas chromatography 
(conditions B) indicated that only a trace of caryophyllene episulphide 
had been formed.
1 ,2 -Bpoxyhumulene, potassium thiocyanate and sulphuric acid
Potassium thiocyanate (0.2 g) and sulphuric acid (987,, 0.4 ml) 
in 1:1 chloroform/sulpholane (20 ml) were stirred at 0-3° for 15 minutes. 
To this was added 1 ,2-epoxyhiimulene (XI) (0.2 g) and stirring was 
continued for 60 minutes. The resultant mixture was poured into water 
(50 ml) and extracted as above. Gas chromatography (conditions B) 
indicated that the mixture was complex and thus was not treated further. 
Caryophyllene epoxide (IX) and thiocyanic acid
Analar potassium thiocyanate (5.0 g) was dissolved in crushed 
ice/water (25 ml) and added to diethyl ether (75 ml) in a separating 
funnel. To this was added phosphoric acid (907,. 8.0 g) in small 
portions with vigorous shaking. The resulting ether layer was washed 
with water (2 x 10 ml) and dried (Na^SO^). This solution was found to 
contain 45mg/ml thiocyanic acid by titration with standard 0.1M NaOH. 
Caryophyllene epoxide (IX) (0.1 g) in diethyl ether (10 ml) was added 
to the ethereal thiocyanic acid ( 1 0  ml) and left at room temperature 
for 48 hours in the absence of light. The resulting solution was 
washed with aqueous sodium carbonate (57,, 3 x 1 0 ml), water (2 x 10 ml)
a viscous colourless oil (0.12 g). This was applied to two preparative
layer chromatography plates (silica gel, 2 0 0  x 2 0 0  x 1 mm) and
developed with chloroform. Visualisation was by ultra violet (254 nm)
and the band centred at 0.13 was removed and eluted with diethyl
ether to give a mixture of XVIII and XIX as a colourless oil (70 mg,
597o), that exhibited the following spectral properties:-
m  ’ 4- 4- 4~
GC-MS, Component A, /z 280 (M +1;0.5), 279 (M ;3), 221(M -SCN;1), 
220(M+ -HSCN;5), 202(M+ -HSCN,H20;18), 187(14), 164(17), 161(8),
159(27), 149(24), 146(21), 136(50), 135(32), 133(31), 131(34), 121(35),
119(36), 117(26), 109(46), 107(54), 105(50), 95(54), 93(72), 91(73),
82(70), 81(75), 79(85), 69(100), 67(62), 55(78), 41(54%);
rn - J. _L. _L.
Component B, /z 279(M ;4), 221(M -SCN,2), 220(M -HSCN,9), 202(M -HSCN, 
H20;25), 187(46), 161(32), 159(39), 149(35), 147(35), 137(45), 135(41),
133(40), 131(50), 109(59), 107(68), 105(63), 95(48), 93(83), 91(73),
81(70), 79(64), 69(41), 67(44), 55(71), 41(100%’*; l^max (liquid film)
3470s(-OH), 3059w, 2925s, 2850s, 2065s,(-N=C=S), 1715m, 1628m, 1455s,
1445s, 1377m, 1361m, 1280w, 1248w, 1092w, 1045m, 1020m, 980w, 925w,
880m, 862w, 820w, cm C(CBC Immixture), 0.99(9H,S,3 x Me), 3.29 
(i>H,m,SCN-C-H), 4.17(%H,m,H0-C-H), 4.82(lH,d,=CH2), 5.01(lH,d,=CH2), 
5.2(A>H,b,OH), 5.4(%H,b,OH)ppm.
1.2-Bpoxyhumulene (XI) and thiocyanic acid
Thiocyanic acid was prepared as for the reaction with caryphylletie 
epoxide. 1 ,2-Epoxyhumulene (XI) (0.05 g) in diethyl ether (10 ml) 
was added to ethereal thiocyanic acid ( 1 0  ml) and left at room temperature 
for 96 hours in the absence of light. The resulting solution was 
washed with aqueous sodium carbonate (570, 3 x 10 ml) and. water (2 x 10 ml) 
and was dried (Na^SO^). Removal of solvent afforded a viscous colourless 
oil (52 mg). Preparative layer chromatography (silica gel, 200 x 200 x 1 mi 
and development with 1 : 1  petroleum/chloroform gave back only unchanged
1 .2-epoxyhumulene in significant yield.
thiocyanates
Caryophyllene and Iodine thiocyanate
Potassium thiocyanate (1.85 g) in dry chloroform (50 ml) was added 
to iodine (3.8 g) and stirred at 0°C for 2 hours. The mixture was 
allowed to warm to room temperature and caryophyllene (1 . 1  g) was added 
to the solution. The resulting solution was stirred at ambient tempera­
ture for 72 hours. Excess iodine was destroyed by the addition of 
aqueous sodium thiosulphate and the organic material extracted into 
3:1 petroleum/diethyl ether (3 x 25 ml). The combined extracts were 
washed with water (3 x 20 ml) and dried (MgSO^). Removal of solvent 
afforded a sticky brown solid (2.46 g) that on recrystallisation from 
methanol yielded off white needles (1.25 g, 517.), m.p. 116-118°, of 
l,9-diiodo-4,4,8 -trimethyl-tricyclo— [6.3.1.0.^*"0— dodecane (XX)
(Found C, 40.1; H, 5.2%. C, CH I requires C, 39.3; H, 5.37o) has V9 15 24 2 n ’ max
(Nujol mull) 1345w, 1320m, 1285m, 1276w, 1261w, 1231w, 1218m, 1201m,
1117w, 1090w, 1046m, 998w, 981w, 961w, 925w, 889w, 873w, 859m, 849w,
800m, 776m, 761w, 718m, 680m, 620m, 549w, 531w; m /z 331(M*-I,30) ,
204(331-1,24), 203(331-HI,100), 189(2), 175(3), 161(9), 147(15),
121(21), 119(12), 109(11), 107(15),105(17),95(17),93(22),91(19),81(16),
79(17),69(29), 67(13),55(17), 41(26); S(CDC13) 0.96(3H,S, • CH2C  CH3),
1.01 and 1.04(6H, 2 x s, gem-dimethyl) and 4.53(lH,m,HCl)ppm.
13
C NMR data for (XX) is shown ifi table 2.
Dehydrohalogenation of XX in anhydrous dimethyl sulphoxide
Tetra-butylammonium bromide (0o70 g) and (XX)(0.75 g) were 
dissolved in dry dimethyl sulphoxide (60 ml) and heated at 9 5 - 1 0 0 ° for 
8 hours. Iodine was destroyed by the addition of aqueous sodium 
thiosulphate. The whole was poured into water (150 ml) and extracted
water (4 x 25 ml) and dried (MgSO^). Removal of solvent afforded a 
yellow oil (478 mg). This was applied to a column of silica gel 
(B.D.H - for adsorbtion chromatography, 110 x 19 mm) and eluted with 
petroleum. 50 ml fractions were collected. Combination of the first 
three fractions and removal of solvent gave a colourless oil (314 mg) 
that on recrystallisation from methanol afforded needles (204 mg), 
m.p. 55.5-56.5° of I-iodo-4.4.8-trimethyl-tricyclo- [6.3.1.02,51  - 
dodec-9-ene (XXIV) (Found C, 54.54; H, 6.967o. C ^ H ^ I  requires
C, 54.54; H, 6.937c) has V  (NujoL mull) 3010w(=CH), 1645w, (C=C), •
max ' . - *
1390m, 1380m, 1345w, 1319m, 1288m, 1239w, 1228w, 1155w, 1078m, 1025w,
978w, 955m, 928w, 898w, 851w, 816m, 801m, 751m, 728m, 700m, 625w;
m/z 330(M+ , 0.5), 287(0.5), 220(1), 204(23), 203(M+ -I;100), 161(10),
147(19), 133(14), 121(20), 119(22), 109(13), 107(16), 105(28), 95(16),
93(33), 91(29), 81(16), 79(16), 77(13), 69(27), 55(197.) ; S (CDC13),
0.94 and 0.95 (6H,2S, £em dimethyl), 1.02(3H,S,-CH3), 5.50(2H,m,CH = CH). 
13
C NMR data is shown in table 2.
Dehydrohalogenation of XX in aqueous Dimethyl sulphoxide
Tetra-butylammonium bromide (0.95 g) and XI (1.1 g) were dissolved 
in dimethyl sulphoxide containing 57. of water (50 ml) and heated at 
95-100° for 18 hours. The liberated iodine was removed by the addition 
of aqueous sodium thiosulphate. The whole was poured into water (150 ml) 
and extracted with diethyl ether (3 x 20 ml) and the combined extracts 
washed with water (2 x 20 ml) and dried (Na^SO^). Removal of solvent 
afforded a pale brown solid (450mg). This was applied to silicic acid 
(column; 2 0 0  x 2 1  mm) and eluted with petroleum ( 2 0 0  ml), diethyl ether/ 
petroleum (1:50;200 ml) and ethyl acetate (200 ml). The petroleum 
fraction yielded XXIV (105 mg), the diethyl ether/petroleum fraction 
yielded unreacted XX (28 mg) and the ethyl acetate fraction yielding 
a pale yellow solid (299 mg). This was purified by two sublimations 
at 75° to yield colourless needles, that sublimed between 70 and 80° 
and finally melted at 92-93°(Koffler). Physical and chemical analyses
1-Hydroxy~l;,U,8-trimethyl-tricyclo--[6,3.1,02,*1 -doaec-9-ene (XXV)
(Found C, 81.73; H, 11.03%. C ^ r e q u i r e s  C, 81.82; H, 10.90%) 
has V (JSujol mull) 3390s(-OH), 3010 m(=C-H), 1639w(c=c), 1405w,
nictx *
1355m, 1328m, 1285w, 1257w, 1229w, 1201w, 1148w, 1108m, 1040m, 980w,
931m, 880w, 838w, 809w, 779w, 738m, 721m, (cis HC=CH) cm m /z 220 ' 
(M+ ,15), 203(8), 202(M+-H20,32), 187(16), 177(16), 164(12), 162(10), 
159(8), 149(13), 147(13), 135(10), 133(8), 131(8), 123(14), 121(16), 
109(100), 108(15), 107(23), 95(22), 93(30), 81(40), 69(39), 55(31), 
41(467o);S(CDCl3 ) 0.95 and 0.97 (6H, 2xs, ^em dimethyl), 1.00(3H,s, 
=C-C-CH3), 1.33(1H,S,0H), 2.04(2H,m,=C-CH2) and Ca 5.5(2H,m,HC=CH) ppm. 
Hydrogenation of XXV
Compound XXV (100 mg) in ethanol (10 ml) in the presence of Adams’s 
catalyst (5 mg) was shaken under hydrogen, at a pressure of 790 nunHg* 
until a 107o excess of the theoretical hydrogen uptake had occurred 
(10.18 ml at stp). The solution was filtered and the ethanol removed 
under reduced pressure to yield an off-white solid. Recrystallisation 
from petroleum (b.p. 40-60°) afforded colourless needles (21 mg), m.p. 
95-95,5°(Koffler). Physical analyses were consistent with this being 
caryolan-l-olj l-Bydroxy-4,4,8-trimethyl-tricyclo—  [6.3.1.02, 1^ — -dodecane 
(XXIII) has V (Nujol mull) 3380s(OH), 1359w, 1331m, 1288w, 1268w,
IT13.X
1249w, 1210m, 1158w, 1099m, 1059m, 1018m, 959w, 927w, 894w, 839w,
«> 1 rn -I- 4-
809w cm ; /z 222(M ,2), 204(M -H20,20), 190(6), 179(11), 165(10), 
161(19), 150(9), 149(7), 135(9), 123(30), 121(15), 111(100), 109(14), 
95(23), 93(11), 81(29), 69(27), 67(16), 55(30), 41(49); S(CDC13) 0.88 
(3H,S,(CH2)3C*CH3 ), 1.01(6H,S, gem dimethyl) and 1.55(1H,S,0H) ppm. 
Attempted dehydrohalogenation of XX in acetone
Tetra-butylammonium bromide (20 mg) and XX (28 mg) were dissolved 
in anhydrous acetone (25 ml) and refluxed for 48 hours. After this 
time the solvent was evaporated under reduced pressure to yield a 
colourless solid. This was applied to a preparative TLC plate (silica 
gel GF23^; 1 x 200 x 200 mm) and developed with diethyl ether/light
diethyl ether. Removal of solvent and recrystallisation from methanol 
gave colourless needles, m.p.115-116° (8 mg).
(Found C, 41.1; H, 5.87,. C ^ H ^ B r l  requires C, 43;80; H, 5.847,) has 
m /z 283 (285)(M+-I,4), 285 (287)(5), 203 (283-HBr, 100), 161(4),
148(6), 147(10), 135(3), 133(5), 131(3), 121(7), 119(7), 109(6),
105(7), 81(7), 80(6), 79(9), 69(17), 55(9), 41( 117,); 8  (CDCl^ 1.00 
(3H,S, CH2 C C H 3 ), 1.04(6H,S, gem-dimethyl) , 3.48 (lH,d(J £.2 Hz) , HCl) , 
and Ca 3.95(lH,m,HCBr).
Reaction of humulene with iodinethiocyanate
Ethereal iodine thiocyanate was prepared according to the method 
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of Raby. Lead thiocyanate (3.24 g) was slurried with diethyl ether 
(60 ml) and bromine (1.6 g) added all at once. The solution was vigorously 
stirred until the colour had faded. To this iodine (2.6 g) was added 
and the whole stirred in the absence of light for 15 minutes. The 
resulting supernatant was decanted and to this was added humulene (0.4 g) 
and the solution stirred for 10 minutes. The excess iodine thiocyanate 
and unreacted iodine was destroyed by the addition of aqueous sodium 
thiosujLphate. The ether layer was separated, washed with water (2 x 
20 ml) and dried (MgSO^). Removal of solvent afforded a sticky brown 
solid (0.88 g). This was applied to silicic acid (column; 600 x 17 mm) 
and eluted with petroleum (300 ml), diethyl ether/petroleum (1:99, 150 ml) 
and diethyl ether/petroleum(l:19, 300 ml), 50 ml fractions being collected 
Fractions were analysed by TLC on silica gel GF23^(0.25 x 56 x 72 mm) 
developed with diethyl ether/petroleum (1:19). Fractions 8 and 9 
contained a single component (188 mg) that crystallised from diethyl 
ether to give colourless rhomba (97 nig), m.p. 1 1 9 »5 "“1 2 1 0 and was 
characterised as 2,5-diisothiocyanato-l,5,5,8-tetramethyl-tricyclo- 
[§. 1.0.0.^ ’^ J-tmdecane (XXVIIl). Fraction 7 was found to contain 3 
components (234 mg) and was chromatographed on-silicic acid (column 
300 x 17 mm) and eluted with petroleum (200 ml) and then diethyl ether/ 
petroleum (1:99, 500 ml). Fractions 11-13 were obtained as an oil (80’mg)
as a mixture of 9-iodo-1-isothiocyanato-1,5,5,8-tetramethyl-tricyclo- 
[p.l.0.0^*^]-undecane (XXXI) and 1-iodo-9-thiocyanato-1,5,5,8- 
tetramethyl-tricyclo-[j3.1.0.0^’^]-undecane (XXXIl).
2,5-Diisothiocyanato-l,5.5,8-tetramethyl-tricyclo [s.l.Q.O6*9] undecane 
(XXVII) (Found C; 63.58; H, 7.64; N, 8.74%. C 17H24N2S2 recJuires c > 63«755
H, 7.50; N, 8.75%) has )) (nujol mull) 2048s(-N=C=S), 1390m, 1273w,
max
1208w, 1202w, 1180w, 1162w, 1140m, 1076w, 1049w, lOlOw, 982w, 956w,
1 in -4“ ”4"
928w, 890w, 855w, 831m, 758m,cm ; / z320(M ,3), 305(M -CH^jl),
287(M+ -SH,11), 263(22), 262(M+ -SCN,100), 204(262-SCN,8), 203(262-HSCN,50), 
161(12), 148(12), 147(63), 135(22), 133(16), 121(17), 119(23), 113(25), 
109(23), 107(34), 105(44), 100(27), 95(24), 93(36), 91(29), 81(33),
79(25), 69(25), 55(35) and 41(38%);S(CDC13) 0.37-0.94(3H,m,cyclopropyl),
I.08(6H,S,gem-dimethy1), 1.15 and 1.30(6H,2 x s, 1-Me? 8-Me), Ca 2.1 
(4H,m,CH2-CH2), Ca 3.3(lH,m,HCNCS) ppm and 13C 8 (CDC13) 18.3, 18.7,
20.5, 22.15, 27.2, 29.4, 30.3 and 33.9 (1-Me and 8-Me), 34.2, 39.1,
47.6, 49.2, 56.2, 58.4(C-NCS) and 64.2(CH-NCS) ppm.
Some studies of the reactivity of caryophyllene episulphide 
Preparation of caryophyllene episulphide
87
This was prepared according to the method of Peppard, by the 
irradiation of caryophyllene and ethylisothiocyanate in benzene at 
254 nm, followed by chromatography on silicic acid.
Caryophyllene episulphide with dilute hydrochloric acid
. . . ■ . -
Caryophyllene episulphide (XIV) (l£0 mg) in methanol (U ml) was 
stirred with conc. HCl (0.1 ml) for 23 hours a;t' ambient temperature. A 
portion of this solution (1 ml) was added to water (10 ml) and extracted 
with diethyl ether (2 ml). Analysis of the ether extract by g.c. 
(conditions C) showed that no reaction had occurred. The remaining 
reaction mixture was refluxed on a steam bath for 1 hour. A portion 
of this solution (1 ml) was extracted as above and again analysed by 
g.c. (conditions C). Again no reaction products were observed.
Caryophyllene episulphide (XIV)(130 mg) in methanol (6 ml) was . 
refluxed with conc. hydrochloric acid (2.0 ml) for two hours. When 
cold the reaction afforded a yellow oil ( 1 3 0  mg) that smelled of thiol. 
Analysis of a solution in diethyl ether (10 ml) by g.c. (conditions C) 
revealed the presence of 9 new organo-sulphur compounds. After the 
ether solution had been shaken with 20% aqueous lead acetate (1 ml) g.c. 
showed that 8 of the organo-sulphur compounds had been quantitatively 
removed.
Treatment of caryophyllene episulphide with boron trifluoride and 
methanol
Caryophyllene episulphide (XIV)(20 mg) in methanol (2 ml) was 
stirred with boron trifluoride etherate (0.1 ml) for 18 hours.
Examination of the solution by g.c. (conditions C) showed that no 
reaction had occurred. This solution was then refluxel on a steam bath 
for a total of 8.5 hours. After this time the solution had a faintly 
detectable odour of thiol. Examination by g.c. (conditions C) indicated 
the presence of a new organo-sulphur compound which eluted close to 
the solvent peak, in'Ca 30% yield. This could not be isolated by 
chromatography or as the crystalline 2, l*-dinitrobenzylthioether.
Treatment of caryophyllene episulphide with m-chloroperoxybenzoic acid
The reaction was attempted in both diethyl ether and dichloromethane. 
Typically, to a solution of caryophyllene episulphide (XTV) (100 mg) in 
the solvent (25 ml) cooled to -15° in an ice/salt bath , was added a 
solution of m-chloroperoxybenzoic acid (120 mg) in the solvent (15 inl)> 
also cooled to -15°* Th©1 solution was left, with occasional shaking, 
at -15° for 0.5 hours. On attaining room temperature ammonia gas was
/
filtered off. Removal of solvent under reduced pressure resulted in 
a viscous gum that could not be analysed by g.c and gave only a single 
spot, at the origin, when examined by TLC 
Aerial oxidation of caryophyllene episulphide
A gentle stream of air was drawn through a solution of caryophyllene 
episulphide (XIV) (42 mg) in petroleum (b.p 100-120°, 50 ml) 
maintained at 52° in a water bath for a total of 405 hours. Petroleum 
was added at intervals so that the volume of solution remained between 
40 and 50 ml. After this time g.c (conditions C) indicated the presence 
of 3 new organo-sulphur compounds at trace levels. The petroleum 
was removed under reduced pressure and replaced with m-Xylene (50 ml)
Air was drawn through this solution maintained at 104-106°, with an 
oil bath, for a total of 63 hours. Examination of the solution, after 
removal of Ca 30 ml of xylene under vacuum, showed the complete consumption 
of caryophyllene episulphide to give caryophyllene (VIII) as the major 
product. Caryophyllene was identified by co-chromatography with 
authentic material.
Cyclic polysulphides derived from myrcene
3-(4-Methyl-3-pentenyl)-3,6-dihydro-1,2-dithiine (XVI)
87
This was prepared by the method of Peppard. A mixture of sulphur 
(10.1 g), dimethylformamide (6 ml) and pyridine (114 ml) was 'activated' 
by bubbling anhydrous ammonia through the solution for £a 45 seconds.
Myrcene (VI) (21.7 g) was then added slowly with continuous stirring
and the whole heated for 2 hours at 100-105°. After being cooled the reaction
mixture was poured into dilute HCl (500 ml) and extracted with 1:1
petroleum ether/diethyl ether (2 x 200 ml). The combined extracts were
washed with water (3 x 30 ml) and dried (MgSO^). Removal of solvent
under reduced pressure gave a dark brown liquid (33 g). A portion of
this (11 g) applied to silica gel (column; 300 x 55 mm) and eluted
with petroleum afforded XVI. as a pale yellow liquid (5.2 g). The
spectral properties were in excellent agreement with those recorded
by Peppard.^
2-(4-Methy 1-3-pentenyl)-2-bu.tenyl-1 ,l|rdithiol (XLVX)
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This was prepared by a modification of the method of Peppard 
A solution of (XVI) (5.3 g) in difethyl ether (700 ml) was treated 
with amalgamated aluminium (0.5 g. lots) and water (100 pi aliquots).
The reaction mixture was allowed to stand for 1 hour, between additions, 
during which time the brisk effervescence subsided. The resulting 
solution was analysed by g.c (conditions B») and further additions made 
of amalgam and water until Ca 27, of the original remained. This involved 
the use of a total of 6.0 gm amalgam and 600 JJl water. The reaction 
mixture was filtered,( washed with water (200 ml) and dried (MgSO^).
Removal of solvent under reduced pressure gave a pale yellow liquid 
(4.96 g) that on distillation gave a colourless liquid (4.21 g), b.p 
64-66°/0.2mm Hg. The NMR spectrum was in excellent agreement with
O  <7
that reported by Peppard; in addition 2-(,.li-inethyl-Vpentenyl)-2-but-
enyl-l,4-dithiol (XLVI) (Found C, 59.16; H, 9.147<> ^^q^18^2 re9u^res
C, 59.41, H, 8.917.) has V (liquid film) 2982s, 2920s, 2858s(C-H),} ’ 7 max
m /z 202(M+ ,44), 200(10), 185(18), 168 (M-H2S)+ ,18 , 154[(M-CH3SH)+ ,48,
M*117.4], 152(38), 143(23), 139(25), 119(14), 113(27), 108(22),
107^154-CH2SH)+ , 100,M*74.3], 106(23), 99(24), 91(26), 79(62), 78(64),
77(90), 69(36), 55(46), 53(27), 52(18), 51(27), 41(60%)
Treatment of XLVI with chlorosulphonic acid
A solution of XLVI (2.5 g) in anhydrous diethyl ether (40 ml)
at 0°C was treated dropwise over a period of 1 hour with a solution
of freshly distilled chlorosulphonic acid (0.95 g) in anhydrous
diethyl ether (30 ml) with continuous stirring. After the addition
was completed the reaction mixture was stiffed for a further hour
whilst the solution attained room temperature. To this was added a
solution of sodium hydroxide (0.5 g) in methanol (20 ml) and the
resulting precipitate filtered and dried. This was dissolved in water
(250 ml) and stirred with Amberlite-XAD2 (50 g) for 2 hours. The
aqueous phase was filtered off and the resin stirred with methanol
(100 ml) for 30 minutes and the methanol filtered off. The aqueous
filtrate was treated twice more as above and the resultant methanol
fractions combined. Removal of the bulk of solvent under reduced
pressure, and dessication,over calcium chloride, under vacuum afforded
the Bunte salt (XLVIl) as the monohydrate (2.3 g), m.p 150° (dec.).
di(Sodium) 2-(4-methy 1-3-pentenyl)-2-butenyl-1,1[rdi(thiosulphate) , (XLVTl)
(Found C; 28.39, H, 4.067,, ^^QH16^4^6Na2 reclu^res 28.30, H, 4.257o)
has V  (Nujol mull) 1640m, 1035m, 1005w, 865w, 778w, 722w cm
max • 7 7 7 7 7 7
S ( D 20) 1.61 and 1.68(6H,2S,Me2C=); 2.21(4H,m,CH2-CH2), 3.74(2H,S,
S-CH2-C=C), 3.87(2H,m,S-CH2-CH=C), 5.18(lH,m,Me2C=CH) and 5.65 
(1H,t,(J. 8.OH z ),C=CH-CH2-S).
Treatment of XLVII with sodium sulphide
A solution of(XLVII) (0.98 g) in 0.25M-phosphate buffer at pH 8 
(60 ml) containing formalin (407», 2 ml) was treated dropwise over a 
period of 30 minutes with Na2S.2H20(1.0 g) in water (25 ml) with 
constant stirring. The pH was maintained at pH 8 by the addition of
for a further four hours. The solution was acidified to pH 3 with
dilute HCl and the solution rapidly extracted with chloroform (1+ x 20 ml).
The combined chloroform extracts were washed with water (20 ml) and
dried (MgSO^). Removal of solvent afforded a viscous reddish/brown
oil. Chromatography of the residual oil on silicic acid (column,
1 3 5  x 2 5  mm) and elution with petroleum ( 2 5 0  ml) and then 1:19
diethyl ether/petroleum (i5 0  ml) gave 5-fU-methyl-3-uentenyl)-1,2,3-
trithiacyclohept-5-ene (XXXV) ( 1 8  mg) as a pale yellow oil (Found
C; 52.98> H; 7• 17%- -^jq^ 16^3 re<lu^res 51*72, H; 6.90%) and has
\J (liquid film) 2970s, 2930s, 2858s(C-H), 1730w, 1652w(C=C), 1i4*8s, in ax
1381m, 1265w, 1211m, 11$6w, 108gm, 1021+w, 98l+w, 908w, 888w, 865w, 830w,
805w, 758w , 735w  cm-1; MS m/z 23t+(M++2,5), 232(M+ ,1.1), -201(1*1),
200(M+-S;1li), 199(M+-SH;10), 169(10), 168(M+-S2 ;51), 167(M+-S2H;1+1+) ,
166( 6) ,  11+3(9), 136(M+-S3;3 9 ), 135(m+-S3H; 71 ), 13I+(10), 133(13), 131(10), 
123( 11+), 121( 31+), 111(19), 107(37), 105(13), 99 (28 ), 97 (65 ), 93( 61) ,
91(50), 77(56), 69(100), 67(1+1+), 55(1+0), 53(1+6), 1+1(89%); S (cbci3)
1.61 and 1 i68(6H,2s,MegC=), 2.20(l+H,m,CH^-CH2), 3.1+5-3.8o(l+H,m,2 x ring CH2) 
5.10(lH,m,Me2C=CH), 5.57(lH,t(j 7 .9 Hz),=CH-CH -S) ppm.
Treatment of XLVII with sodium disulphide
A solution of XLVII (0.81 g) in 0.25M phosphate buffer (.60 ml) at 
pH 8 containing formalin (U0%, 2 ml) was treated at 10° with NagSg*^
(0.9 e) in water (25 ml) during 20 minutes, the pH being maintained at 
8 by the addition of dilute HCl. The mixture was stirred at 10° for a 
further 2 hours. The resulting solution was acidified to pH 3 and • 
rapidly extracted into chloroform ( 3  x 25 ml). The combined extracts 
were washed with dilute HCl (25 ml) and dried (Na2S0^). Removal -of 
solvent under reduced pressure gave a sticky semi-crystalline material 
(kk5 mg). This was chromatographed on silicic acid (column, I4.OO x 25 mm), 
eluting with petroleum ( 7 5 0  ml) and chloroform/petroleum (1 :5 0 , 3 5 0  ml), 
to yield the tetra-sulphide (XXXVl) as a mobile pale yellow liquid,
“*&/ • ^ , , , , ^ , H  „ u U x u :. u ^ r x v U ^ - u - ^
(XXXVI) (Found C; 45.09, H, 6.25%. C 10H 16S4 recluires C; 45*45> H » 6*067>)
has V (liquid film) 3030w, 2985s, 2920s, 2858s(C-H), 2728w, 1738w, max
1674w, 165lw, 1439s, 1378s, 1329w, 1210s, 1155w, 1108m, 1077w, 1030w,
985m, 920m, 912m, 871m, 838w, 784m,. 744m, 695w, 646w cm MS m /z 
266(M+ 2,3),265(M++1,3), 264(M+ ,24), 232(M+-S,8), 200 (M+-S2>26), 
199(M+-S2H,4), 168(M+-S3 ,4), 167(M+-S3H,13), 136(M+-S4 ,14), 135(M+-S4H,
77), 121(8), 119(4), 107(10), 100(6), 97(6), 93(48), 91(7), 79(12),
69(100), 64(10), 53(12), 41(807.);S(CDC13 > 1.58 and 1.66(6H,2S,Me2C=), 
2.19(4H,m,-CH2-CH -), 3.59(2H,d(J $.9 Hz),=CH-CH2»S), 3.60(2H,S,
'C-CH -S), 5.12(lH,m,Me2C=CH), 5.64(1H,t(J £.9 H z ),=CH-CH -S-) ppm. 
Identification of XXXV and XXXVI in steam distilled hop oil
A solution of steam distilled hop oil (25 JJ.l) in cyclohexane (0.5 ml) 
was subjected to analysis by GC as described in the gas chromatographic 
procedures (p.l°5). The retention times of two unknown sulphur compounds 
present were (a) 20.2 and (b) 27.1 minutes on column A (carrier gas 
flow rate = 43.6 ml/min) and correspondingly (a) 36.4 minutes and (b) oo (i. 
not eluted) on .column B (carrier gas flow rate = U1.5 ml/min). The 
two components were identified as (a) 5-(4-methyl-3-pentenyl)-l,2,3- 
trithiacyclohept-5-ene (XXXV) and (b) 6-(l+-methyl-3-pentenyl)-1,2,3,lj.- 
tetrathiacycloobt-6-ene (XXXVI) by g.c peak enhancement. This was 
achieved by taking in turn solutions of the hop oil (5 |JLl) and adding 
a solution of the polysulphide (1-2 pi), so that on g.c analysis the 
peak in question had a peak height significantly higher (ca 50-1007.) 
than that in the untreated hop oil.
Myrcene derived cyclic monosulphides
l-bromo-4-methyl-3-pentene
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This was prepared according to the method of Julia et al . To 
magnesium (7.3 g) and anhydrous diethyl ether (50 ml) was added, dropwise, 
a solution of iodomethane (42.6 g) in anhydrous diethyl ether (75 ml) 
at such a rate that the solution boiled gently. After the addition
of cyclopropyl methyl ketone (Aldrich Chemicals; 20 g) in anhydrous 
diethyl ether ( 7 5  ml) was added dropwise to the above solution at such a 
rate that the solution boiled gently. The resulting solution was then 
refluxed for one hour. The resulting complex was hydrolysed by the . 
addition of saturated ammonium chloride ( 2 0  g) and vigorously stirring 
for three hours. The liquid phases were decanted and the ether layer 
separated, dried and evaporated. The resulting liquid, 1,1-dimethyl- 
cyclopropyl carbinol ( 2 0  g) was stirred vigorously with ice/water ( 1 0 0  g) 
and to this was added hydrobromic acid (1*8%, 8 0  ml) in two minutes and 
stirring continued for a further 8 minutes. Organic material was extracted 
with diethyl ether ( .2 x 5>0 ml) and the combined ether extracts were 
washed with aqueous sodium carbonate (5%, 2 0  ml) and saturated sodium 
chloride (20 ml) and dried (Na^SO^). Removal of solvent and distillation 
through a 5 cm Vigreux column afforded 1 -bromo-i4-methyl-3 -pentene as 
a colourless liquid ( 2 1  g), b.p. 5 0 -5 1 °/l5  muiHg, that exhibited the 
following spectral properties:-!/ (liquid film) 2 9 9 0 s, 2 9 2 5 s, 2 8 8 0 s,
ULEL3C
2735w, 1 6 7 8 m, 1l+50s, 1 3 8 2 s, 1365m, 1 3 0 8 m, 1 2 7 2 s, 1209s, 1099m, 983m,
910s, 8 3 3 m, 738s (C-Br), 61|2m cm”1 ; (CBCl^, 60 MHz) 1.60 and 1.70
(6H,2 s,Me2 C=), 2.5l(2H, sex(j 7-5 Hz),C^.CH 2 .Br), 3.32(2H-,t(j 7-5 Hz),
CHg.Br) and 5.09(lH,t(j 7-0 Hz),=CH) ppm.
1 -Iodo-Ij-methyl-3-pentene
This was, prepared by a modification of the method of Julia et al.^^
1 ,1 -dimethyl cyclopropyl carbinol ( 1 0  g), prepared as for 1-bromo-I[-
methyl-3 -pentene, was stirred vigorously with ice/water ( 1 0 0  g) and to
this was added hydroiodic acid (5 5 %, 5 5  ml) in two minutes and stirring
continued for a further 10 minutes. The aqueous phase was extracted
with diethyl ether ( 3  x 2 5  ml) and the combined extracts were washed
with aqueous sodium carbonate (5%, 20 ml) and saturated sodium chloride
(20 ml) and dried (Na2S0^). Removal of solvent and distillation through
a 5 cm Vigreux column gave 1-iodo-l|-methyl-3-pentene as a colourless
liquid (11.7 g), b.p. 61H>7°/1U mmHg, has 1.5230; V  . .,D max (liquid
1215m, 1168s, 1091m, 984ra, 832m, 790w, 730w, 601m, 521m, 457 cm"1;
S(CDC13 ,60MHz) 1.55 and 1.65(6H,2s,Me2C=), 2.58(2H,sex(J 7 . 1  Hz), 
CH2 .CH2 .I)>3.08(2H,t(j. 6 .8Hz), CH2 I) and 5.05(1H,t(j[ 7.0H?),=CH-) ppm.
Attempted preparation of 3-(4-methyl-3-pentenyl)-thiophen (XV)
A number of reactions were carried out treating 3-thienyl lithium 
with 1-bromo- or l-iodo-4-methy-3-pentene or 1,3 dibromopropane in . 
anhydrous diethyl ether or anhydrous tetrahydrofuran. The products of 
these reactions are described in chapter II, section 4.2.2. The 
methodology was the same in all cases and a typical procedure is thus 
described.
The whole procedure was carried out under a nitrogen atmosphere 
and the apparatus used is shown in figure 24. n-Butyl— lithium (1.5M in 
hexane, 55 ml) had the hexane removed under vacuum and the hexane 
subsequently replaced by oxygen free anhydrous diethyl ether (50 ml).
This solution (in flask B) was added in small portions to a stirred 
solution of 3-bromothiophen (Aldrich chemicals) (8.9 g) in anhydrous 
diethyl ether (25 ml) cooled to -72° in an acetone/solid C0 2 bath.
The resulting thieny1-lithium (in flask A) was maintained at -72°.
Flask B was then filled with a solution of l-bromo-4-methyl-3-pentene 
(8.9 g) in anhydrous diethyl ether (25 ml). This solution was thoroughly 
degassed and then added in small portions to the thienyl-lithium 
solution so that the temperature did not rise above -60°. After the 
addition was completed flask B was removed and flask A sealed by means 
of a rubber septum. The progress of the reaction was monitored by 
removal of small samples ( 2  ml) with a syringe through the septum, and 
hydrolysed with dil. HCl. The resulting ether layer was analysed by 
g.c (conditions B). This was continued until the solution had attained 
room temperature (Ca 48 hours.), the whole solution then being hydrolysed 
with dil. HCl. The products were then subjected to GC-MS, and in one 
case chromatographic separation and 1H NMR. Retention (R^) times are
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10-methyl-5-thia-deca-3,8-dienyl-l-yne(XLVIIIa), Rr 4.03,has GC-MS, 
m /z 166(M+ ), 138(M+-C2H4 ), 123, 97(M+-Me2C=CHCH2) 83(M+-Me2C=CHCH2CH2), 
82, 69, 67 and 55.
5-thia-nona-3-enyl-1-vne (XLVIIIb), Rr 2.98,has GC-MS, m/z 140(M+ ), 
125(M+-CH3), 111(M+-CH3CH2), 97 (M+-CH3CH2CH2 ) , SAtHS-CH^H-C^H1* ) ,
69, 58(HS-C=CH + ), 57(C4hJ 1+) 45 and 41
8-bromo-5-thia-octa-3-enyl- L-yne(XLVIIIc), R r 3.51^has GC-MS, m /z 204 
(206)(M+ ), 166, 125(M+ -Br), 9 7 (M+ -CH2CH2B r ) , S A C H S - C H ^ H - C ^ H 1 + ) ,
58, 45 and 41
2-(4-methyl-3-pentenyl)-thiophen (IL), 3.387has GC-MS, m/z 166(M+ ),
151 (M+-CH3 ), 110(M+ -(CH3 )2C=CH2), 97(M+-Me2C=CHCH2),, 69, 53, 45 and 41 
S(CDC13 ,60MHz) 1.50 and 1.60 (6H,2s,Me C=') , 2.28(2H,m,=CHCH2), 2.73 
(2H,t(J 6.5Hz), ArCH -), 5.01(lH,t(J 7.0Hz),=CH)and 6.92-7.15(3H,
in,3 x ring H) ppm.
3-bromo-2-(4-methyl-3-pentenyl)-thiophen (L), Rr 5.68,has GC-MS, m /z 
244 (246)(M+ ), 175 (177)(M+-Me2C=CHCH2), 165 (M+ -HBr), 98, 97, 69(base 
peak), 53, 45, 41; 8  (CDC13 , 60MHz) 1.58 and 1.69(6H,2s,Me2C=), 2.35 
(2H,m,=CHCH2CH2), 2.79(2H,m,ArCH2), 5.17(lH,m,=CH), 6.90 and 7.10 
(2H,Q,(J 5.0Hz), 4 and 5- ring H) ppm.
3-bromo-2,5-bis(4-methyl-3-pentenyl)-thiophen (LI), R^ 6.30, has GC-MS,
fn
/z 326(328)(M ), 257(259)(M -Me C=CHCH ), 202 (204), 189 (191)
188 (190)(M+- 2 x Me2CCHCH2), 109 (CgH S + ), 69, 53, 41; 8
(CDC13 , 60MHz )1.51 and 1.61 (12H,2s, 2 x M£2C=), Ca 2.2 (4H,
m, 2 x CH2CH=), Ca 2.6 (4H,m, 2 x ArCH2), 5.05 (2H,m, 2 x CH=), 6.51
(lH,s,4-ring H) ppm.
1,4 Dichlorobutanone
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This was prepared according to the method of Baddely et al. 
Chloroacetyl chloride (19.5 ml) was added to a suspension of anhydrous 
aluminium chloride (36 g ) in dichloromethane (150 ml) at -10°.
Nitrogen was bubbled through the solution for 15 minutes to remove HCl.
Ij5> minutes, during which time the temperature was not allowed to rise 
above -5°. The resulting solution was poured into ice/water (1|00 g) 
and the organic phase separated and dried (Na^SO^). Solvent was removed 
by distillation at atmospheric pressure and the residual liquid was 
distilled through a 10 cm Vigreux column to afford 1, l^-dichlorobutanone 
(12.9 g), b.p. 87-90°/lU mmHg as a colourless liquid. 1 .h-Dichlorobutanone 
has i^21 1.4755 (lit. 174n1)20 1.4788); max (liquid film) 2975m, 2938m, 
1732vs, 1618m, 1401s, 1364m, 1299m, 1191m, 1080s, 962m, 775s, 653m,
628m, cm '1;S(CDCl3 ,60MHz) 3.14(2H,t(J 6.6Hz ), C1CH2CH2), 3.84(2H,t 
(J 6.5Hz), C1CH2CH2), 4.23(2H,s,COCH2C1) ppm.
Reaction of 1,4'^dichlorobutanone with l-bromo-4-methyl-pent-3-ene
To magnesium (0.7 g) and anhydrous diethyl ether (15 ml) was 
added, dropwise, a solution l-bromo-4-methy1-pent-3-ene. (5o0 g) in anhydrous 
diethyl ether (30 ml) so that the solution boiled gently. After the 
addition the solution was refluxed gently on a hot plate for 1 hour. The 
resulting Grignard reagent was filtered into a dropping funnel 
through a plug of cotton wool. This solution was added dropwise to
1,4-dichlorobutanone (4.2 g) in anhydrous diethyl ether (25 ml) over a 
period of 30 minutes and then gently refluxed for a further 30 minutes.
The mixture was hydrolysed with a saturated aqueous solution of ammonium 
chloride (2.0 g). The ether layer was separated and washed with water 
(2 x 20 ml), saturated sodium chloride (1 x 20 ml) and driedtK^CO^).
Removal of solvent gave a mobile brown liquid (4.3 g). A portion of 
this liquid (3.6 g) was applied to silicic acid (column, 350 x 25 mm) 
and eluted with diethyl ether-petroleum (1:10), 50 ml fractions being 
collected. Fractions 6-13 afforded a pale yellow liquid (630 mg).
Similar results were obtained when the reaction was repeated with 
the same quantities except that the ketone was added normally to the 
Grignard reagent and at 0°. Hydrolysis was with ammonium chloride at
room temperature and after extraction, as above, a golden yellow liquid 
(4,3 g) was obtained. Chromatography, as above, yielded the same pale 
yellow liquid (770 rag).
Physical analyses were consistent with this being l-chloro-3- 
(chloromethyl)-7-methyl-oct-6-enyl-3-ol. IR and NMR indicated however 
that it was contaminated with Ca 107. of the starting ketone. 
l-Chloro-3-(chloromethyl)-7-methyl-oct-6-enyl-3-ol (LII) has m/z 
206[(M-H20)+ ,33,M* 189.5], 171(17), 159(20), 157(76), 143(11), 141(8),
121(7), 107(7), 105(6), 103(7), 95(10), 93(8), 91(9), 83(35), 77(15),
69(100), 55(247.), S (CDC13) 1.64 and 1.70 (6H,2 x s, 2 x Me) 2.09 
(2H,tQ 8.0HZ), CH2CH2C1), Ca 2.1 (4H,m,CH2CH2C), 3.55 (2H,s,C,CH2Cl),
3.73 (2H,t(j; 8.0HZ), CH2CH2C1), 5.10 (lH,t of septs.(j 7 Hz, 1.5 Hz), CH=).
3-Thiacyclopentan-l-one
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This was made by a modification to the method of Gianturco. A 
solution of sodium (7.75 g) in methanol (150 ml) was added to a solution 
of methyl thioglycolate (29 ml) in methanol (30 ml) and stirred for 10 
minutes. The methanol was removed under vacuum at ambient temperature 
to leave a colourless crystalline solid (35*1 g)> which was 
dissolved in dry dimethyl sulphoxide (160 ml). With stirring methyl 
acrylate was added during 3 0  minutes and stirring continued for 
45 minutes. The resulting solution was poured on to ice-cold sulphuric 
acid (2M,300 ml), filtered and extracted with diethyl ether (3 x 50 ml).
Removal of solvent gave a pale yellow liquid (41.2 g ). This was added 
to 107. sulphuric acid (150 ml) and heated at 90°, with vigorous stirring, 
for 90 minutes. After being cooled the solution was saturated with 
sodium chloride and extracted with diethyl ether (4 x 50 ml) and dried(Na2S0^). 
The solvent was distilled at atmospheric pressure and the resulting 
yellow liquid distilled through a 10 cm Vigreux column to give 3-thia- 
cyclopentan-l-one as a colourless liquid, b.p. 68-69°/lij. mmHg (l5*U S') •
This was characterised as the 2,4-dinitrophenylhydrazone, m.p 175-176°
(lit.175 value 175-176.5°^*
u v - u u l x u u  w j .  x - u j l vuiw-^t-mcL i i y i.-|jeiiu-j"ene witn j - cmacyciopentan-i-one
1-bromo-4-me thyl-pent-3-ene (7*5 g) in anhydrous diethyl ether (22 ml) 
was added to magnesium (1.05 g) in anhydrous diethyl ether ( 8 ml) so 
that the solution refluxed gently. After the addition the mixture was 
refluxed for 1 hour. To this was added 3-thiacyclopentan-l-one (3.6 g ) 
in anhydrous diethyl ether (20 ml) over a period of 15 minutes. The 
solution was then gently refluxed for 45 minutes. The complex was 
hydrolysed with a saturated aqueous solution of ammonium chloride (4.0 g) 
and the resulting mixture vigorously stirred for 1 hour. The aqueous
layer was separated and extracted with diethyl ether (20 ml). The combined 
ether extracts were washed with 0.5M HCl (20 ml), saturated sodium 
chloride (20 ml) and dried (K^CO^). Removal of solvent gave a pale
yellow liquid (4.58 g). This was applied to silicic acid (column,
200 x 25 mm) and eluted with diethyl ether-petroleum (1:19); 50 ml
fractions were collected. Fractions 18-30 contained pure LIII (3.15 g)
as a pale yellow liquid. l-(4-Methy1-3-pentenyl)-3-thiacyclopentan-l-ol
(Found C; 64.53, H; 9.717.. C^q H ^ O S  requires C; 64.52, H; 9.687.) has
V (thin film) 3440s (OH), 2985s, 2925s, 2860s, 2735w, 1675w, 1632w, 
max .
1450s, 1380s, 1295w, 1218m, 1187w, 1159w, 1125w, 1110m, 1075m, 1058s,
1013m, 986w, 937s, 835m, 773w, 740w, 689w cm"1; m/z 186(M+ ,
169(7), 168|jM-H20)+ ,65j, 153(5), 131(4), 123(29), 122(17), 111(25),
107(10), 103(20), 99(23), 86(37), 83(30), 82(21), 75(23), 69(100),
61(23), 55(27), 41(907.); (CDC13) 1.63 and 1.69(6H, 2 x s, Me2c=),
2.28(lH, s,0H), Ca 2.9(4H,m,CH2-S-CH2), 5.15(1H, t. sept( J 9Hz, lHz.) ppm.
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Attempted dehydration of LIII
1. The alcohol (LIII)(0.5 g) and £- toluene sulphonic acid (140 mg) 
were dissolved in benzene (8 ml) and refluxed under a *Dean and Stark* 
collector for 5 hours. After this time the solvent was removed under 
reduced pressure and the residual oil applied to silicic acid (column,
100 X .25 mm) and eluted with diethyl ether-petroleum (1:39) to give (LIV)
as a pale yellow liquid (0.33 g).
2. The alcohol (LIII)(0.25 g) was dissolved in anhydrous dimethyl sulphoxide
(3 ml) and heated at 170-180 for 8 hours. After being cooled the resulting
solution was poured into water (20 ml) and extracted with diethyl ether
(10 ml). G.C of the dried (K^CO^) ether extract showed a major product,
that was shown by co-chromatography to be identical with LIV. •
3-tetrahydrothiophen-spiro-61,61 -dimethyl-2 *tetra.hydropyran has V*max
(thin film) 2970s, 2935s, 2870m, 1460m, 1448m, 1381m, 1369m, 1358m,
1315w, 1282w, 1250w, 1230s, 1210m,' 1170w, 1138m, HOlw, 1086w, 1062s,
1042s, 1035m, 984m, 97lw, 955w, 931w, 902w, 866w, 85lw and 773w cm 
m/z 187(11), 186(M+ ,100), 171(14),, 159(13), 139(19), 131(17), 123(25),
121(12), 103(12), 99(18), 83(18), 69(55), 55(21), 45(23), 43(50), 41(507.);
8(CDC13 ), 1.20(6H,s,Me2C), 1.35 - 2.35(8H,m,3* ,4',5' and 4 ring methylenes)
and 2.50-3.00 (4H,m,CH2_S-CH ) ppm; 1.U999
Cyanogen Bromide
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This was prepared according to the method of Harman and Dreger 
by the addition of aqueous sodium cyanide to bromine. Distillation of 
the resulting solution afforded cyanogen bromide, b.p. j60-62°y A-fhich 
solidified, m.p. hg-^ O0.
2-(4-Methyl-3-pentenyl)—2-butenyl— 1,1|—d-ithio—lead (il)
A solution of lead acetate (4.0g) in water (20 ml) was added to a
solution of the dithiol (1.78 g) in diethyl ether (10 ml) with vigorous
shaking. The resulting bright yellow solid was filtered in a buchner
funnel and washed with water (30 ml), acetone (10 ml) and diethyl ether
(30 ml) and dried under vaccuum to give a highly crystalline, bright
yellow solid (3.2 g).
Reaction of Cyanogen bromide with 2-(4-Methyl-3-pentenyl)-2~butenyl-
1,4 - d i t h i o - l e a d  (II)
A solution of cyanogen bromide (0.50 g) in diethyl ether (2 ml) 
was added to a vigorously stirred suspension of the lead complex (1.0 g) 
in diethyl ether (20 ml) for a period of 20 minutes, during which time
the colour changed from bright yellow to off white. The resulting solid 
was filtered off and removal of solvent from the filtrate afforded a 
yellow oil (400mg). This was applied to silicic acid (column, 120 x 
22 mm) and eluted with diethyl ether-petroleum (1:9). Three fractions 
were isolated. The first was shown by co-chromatography (g.c Conditions B) 
with authentic material to be the cyclic disulphide (XVI) (220 mg), 
the second, a group of 5 components (30 mg), that was not characterised 
and the third a waxy colourless solid (35 mg), that had the following 
spectroscopic properties:
y maX 0 ® r disc), 2970s, 2925s, 2860s, 2178s(-S-C£H), 2075s(-N=C=S),
1720w, 1655w, 1446s, 1360m, 1332w, 1233s, 1108m, 986w, 935w, 890w, 872w, 835w, 
749w, 700w cm"1; m/ z 252(M+ ,3), 237_ (M-CH3)+ , 1 , 219 [(M-SH)+ ,6,M*190.3], 205(2), 
194 [(M-SCN)+ ,48,M* 149. J], 180(7), 167(7), 150(8), 135[(194-HSCN) -,28,M* 93.9^, 
134(16), 126(9), 125(6), 124(5), 121(4), 119(5), 107[(135-28), 11,M* 84.8], 
105(4), 93 [(135-42),39,M*64.l], 91(13), 79(20), 77(10), 69(100), 57(19), 
55(227.); S(CDC13 ,60MHz) 1.60 and 1.68(6H,2 x s, Me2C=), 2.25 (4H,m,CH2-CH2 ),
Ca 3.20 (1.5H,m,CH2N), 3.67(1.25H,d(J9Hz),CHCH2S), 3.68(1.25H,s,CCH2S), 
5.05(lH,m,Me2C=CH), 5.71(IH,t(J.9Hz),=CHCH2s(or N) ppm (see Chapter II,
sect. 1|. for explaination of the spectroscopic data.)
Treatment of the dithiocyanate (LV) with sodium sulphide
A solution of sodium sulphide (20 mg) in methanol (1 ml)* was added 
dropwise to a stirred solution of the mixture containing the dithio- 
cyanate (LV) and the unknown compound (35 mg) in dimethyl sulphoxide 
(3 ml) over a period of 10 minutes. The solution was stirred for a further 
5 minutes, after which time the solution lost the greenish tinge due to 
methanolic sodium sulphide, and poured into water (10 ml) and extracted 
with diethyl ether (3 ml). G.C (conditions B) of the ether layer showed 
only the presence of the cyclic disulphide (LVI).
* Sodium sulphide was prepared by adding sulphur (1.6 g) to a solution 
of sodium (2.3 g) in liquid ammonia (100 ml); to this solution was added 
methanol (100 ml) and. the ammonia subsequently removed by placing the 
flask in a water bath at Ca 60°.
Hop resins and derivatives 
Humulone (I)
This was purified from thec*-acid extract of hops by a modification
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of the method of Wollmer. 0 ^-Acid extract (25 g) was dissolved in the 
minimum volume of hot benzene (Ca 75 ml). To this was added^o-phenylene- 
diamine (10 g) in hot benzene (50 ml) and the whole allowed to cool for 
several hours. The resulting yellow solid was filtered and recrystallised 
twice from benzene and twice from benzene/hexane (1:4) to yield yellow
q 22
needles (9.5 g), m.p. 115-116 (lit. 117°C). This was dissolved in 
diethyl ether (100 ml) and shaken with dil. HCl (100 ml). The resulting 
ether layer was washed with water (2 x 20 ml) and dried (Na^SO^). Removal 
of solvent gave humulone (6.9 g) as a sticky solid. HPLC indicated that 
it was Ca 907o humulone and 107, cohumulone.
Colupulone (II)
This was kindly provided by Dr. D.R.J. Laws of the Brewing Research 
Foundation. Recrystallisation from petroleum gave colourless needles, 
m.p. 93° (lit.1 7 93°C).
Dehydrated humulinic acid (LVIIl)
This was prepared from humulone according to the method of Laws
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and McGuinness. Recrystallisation from petroleum (b.p. 60-80 C)
gave yellow needles, m.p 84-85° (lit.^ 7 8 6 °) and exhibiting the following
spectroscopic properties; A max (acidic EtOH) 241 and 356 nm (£moLy 5200
and 28500); Vmax (Nujol mull) 1705m, 1695s, 1625s (C-0 ), 1551s, 1408s,
1381m, 1370m, 1350w, 1328m, 1282w, 1252w, 1219m, 1182m, 1153m, 1074w,
lOOlw, 899w, 880w, 850w, 834w, 725m, 655m cm 8(CDC13 ) 0.97(6H,d(«T
8-Hz),CH(CH3 )2), 1.95(6H,s ,=C(CH3)2), Ca 2.3(lH,m,CH2CH(CH3)2)., 2,80
(2H,d(J -6 Hz),C(0)CH2-), 3.02(2H,m,ring C H ^ ,  5.97(lH,d(j 12 Hz),=CH(CH3)2),
7.27(lH,d(J 12 Hz), CH=C-C=0).
2-Acetyl-4,4,6-tri-(prop-2-enyl)cyclohexane-l,3,5-trione(lV)
This was prepared from phloroacetophenone (kindly donated by Dr.
193D.R.J. Laws) according to the method of Collins et al. Recrystallisation
agreement with those recorded.
Isohumulones (4VI)’
Isohumulones for the purpose of comparitive TLC were prepared from
185
humulone by the method of Howard. The reaction mixture contained 
isohumulones and some unreacted humulone but was not purified further 
and was used in this state for TLC.
Humulinone (LX)
194
This was prepared according to the method of Cook et al. Humulone 
(1.0 g), cumene hydroperoxide (2 ml) and diethyl ether (25 ml) were 
stored with saturated sodium hydrogen carbonate ( 2 0  ml) for 48 hours.
The resulting colourless solid was filtered off and dried, m.p. 270°C 
(dec.). This was dissolved in HC1(1M,20 ml) and extracted once with diethyl 
ether (15 ml). The resulting dried ethereal solution was used for TLC. 
Cohulupone (LVII)
195
This was prepared by a modification of the method of Wright.
Colupulone (0.5 g) in methanol (25 ml) in the presence of anhydrous 
sodium sulphite had a stream of air passed through it for 24 hours. The 
solid was filtered off, dissoved in HCl (2M, 25 ml) and extracted once 
with diethyl ether (10 ml). The resulting dried (Na^SO^) ethereal 
solution was used for TLC.
Thin layer chromatography of hop resins and derivatives
All thin layer chromatography was carried out on silica gel £ ^ 2 5 4  
of 0.25 mm thickness. For thec^-acids, chromatograms were developed 
with ethyl formate/formic acid/petroleum (8 :1 :1 2 ) and for the |3-acids 
ethyl formate/formic acid/petroleum (8:1:17). Visualisation of chromatograms 
was by either a) vapour, b) UV (254nm), c) 37«,FeCl3 in methanol, 
d) 17o NaN^ in 0.005M 1^  followed by starch solution and e) 17e P^Cl^ in 
IM HCl.
Photolysis of humulone and sulphur with daylight
Humulone (0.5 g) and sulphur (0.2 g) were added to cyclohexane (25 ml)
to the addition, the flask was then closed and kept in daylight for days.
TLC of the solution after this time showed that no reaction had occurred.
A stream of air was then passed into the solution and again left in
daylight for 7 days. TLC of the solution after this time showed that
the humulone had completely reacted, to yield two major products-with
Rf 0.41 and 0.35. These had the same colour reaction and similar Rf
values as two spots in the chromatogram obtained from a mixture of
185
isohumulones, prepared by boiling humulone with sodium carbonate.
The solution was then left, in the presence of oxygen and daylight for 
a further 18 days. TLC showed that no further change in the chromatogram 
had occurred. None of the products gave positive results with I^/NaN^/starch 
or PdCl^ reagents.
Photolysis of humulone and phenyljsothiocyanate with UV light (254nm) 
Humulone (0.95 g) and phenylisothiocyanate (1.4 g) were dissolved 
in benzene (75 ml) previously purged for 3 hours with oxygen free nitrogen. 
The solution was placed in a photochemical reactor (Baird and Tatlock) 
and irradiated with a 6W mercury discharge lamp (spectra physics) under 
continuous nitrogen purge. Irradiation was continued for 72 hours. TLC 
of the solution showed the humulone had not reacted and the positive 
results obtained with PdCl^ spray reagent were due to'elemental sulphur 
and phenylisothiocyanate.
Aerial oxidation of humulone
A gentle stream of air was passed through a solutiou of humulone 
(0 . 5  g) and sulphur (0 . 2  g) in petroleum (b.p. 8 0 - 1 0 0 °, 1 0 0  ml) maintained 
at £ 8 ° £ot 3 days* TI£ of the resulting solution showed that all the 
humulone had reacted to give a major product with 0.33* This gave 
the same colour reaction with FeCl^ and had a similar Rf value as an 
authentic sample of humulinone, Rf 0.35. None of the products gave 
positive results with I^/NaN^/starch or PdCl^ spray reagents.
Photolysis of dehydrated humulinic acid with daylight
Dehydrated humulinic acid (LVIII)(200 mg) in cyclohexane (20 ml)
then left for a further 18 days in the presence of good daylight, the 
lost cyclohexane being replenished daily. Similarly dehydrated humulinic 
acid (LVIIl) (200 mg) in cyclohexane (20 ml), previously purged with 
oxygen free nitrogen for 2 hours, was stirred with sulphur (500 mg) 
for 72 hours and then left for a further 18 days in the presence of good 
daylight, the nitrogen atmosphere being continuously maintained.
Regular TLC monitoring showed that no reaction had occurred, even 
after 2 1 days.
Photolysis of dehydrated humulinic acid with UV (254nm)
Dehydrated humulinic acid (LVIIl) (350mg) and sulphur (1.0 g) in 
cyclohexane (60 ml) in a photochemical reactor (Baird and Tatlock) 
was purged with oxygen free nitrogen for 2 hours prior to irradiation.
The solution was irradiated with a 6W mercury discharge lamp (Spectra 
Physics) for a total of 1 2 0  hours, the nitrogen atmosphere being continuously 
maintained. TLC of the resulting solution showed that no reaction of 
any sort had occurred.
Photolysis of colupulone with daylight
a) In the absence of oxygen: Colupulone (2.2 g) and sulphur (1.0 g) 
in cyclohexane/diethyl ether (2:1, 50 ml) was purged with nitrogen for 
several hours and the flask closed. This was left in daylight for 21 
days. TLC after this time showed that no reaction of any sort had occurred.
b) In the presence of oxygen: Colupulone (2.2 g) and sulphur (1.0 g) 
in cyclohexane/diethyl ether (2:1, 50 ml) were left in daylight with 
occasional shaking, for 17 days. TLC of the resulting solution showed 
that the colupulone was completely reacted to give a chromatogram 
showing 8 spots, 7 of which gave positive results with FeCl^: R^O.56,
0.48, 0.44, 0.40, 0.34, 0.30, 0.27. The spot at Rf 1.00 gave a positive 
result with PdCl^ spray reagent but was shown to be sulphur, the other
7 spots giving negative results with this reagent. The major product N—
with R^ 0.56 had a similar value to cohulupone (LVIl), R^
Colupulone (0.5 g) and sulphur (0.2 g) were suspended in water 
(75 ml) and gently refluxed for 4 hours. After being cooled, the solution 
was extracted with diethyl ether (30 ml) and filtered, washed with water 
(15 ml) and dried (MgSO^). TLC of this ethereal solution showed that 
no reaction had occurred.
Photolysis of colupulone and sulphur with UV light (334 nm)
Colupulone (2.2 g) and sulphur (1.0 g) in cyclohexane/diethyl ether 
(2:1, 50 ml) in a photochemical reactor (Baird and Tatlock) was purged 
with nitrogen for 3 hours prior to irradiation, and continuously throughout 
irradiation. Irradiation was carried out with a 400W medium pressure 
mercury discharge lamp (Spectra Physics) for 120 hours. TLC of the 
resulting solution indicated that no reaction had occurred.
Photolysis of colupulone and phenylisothiocyanate with UV light (254 nm)
A solution of colupulone (1.0 g) and phenylisothiocyanate (1.5 g) 
in dry benzene (75 ml), in a photochemical reactor (Baird and Tatlock) 
was purged with oxygen free nitrogen for 3 hours prior to irradiation, 
and continuously throughout the reaction. Irradiation was carried out 
with a 6W low pressure mercury discharge lamp (Spectra Physics) for a 
total of 120 hours. The solution was filtered and the solvent removed 
under reduced pressure to yield a semi solid yellow mixture. This was applied 
a column of silicic acid (320 x 25 mm) and eluted with diethyl ether/ 
petroleum (1:39). Fractions containing the product giving a positive 
result with PdCl^ spray reagent were combined and the solvent removed.
The resulting pale yellow oil (415 mg) was subjected to vacuum sublimation 
(40°/0.05 mm Hg) to remove phenylisothiocyanate. A portion of the residual 
oil (10 mg) was applied to a TLC plate (0.25 x 100 x 200 mm) and developed 
with ethyl formate/formic acid/petroleum (8:1:17). The band at Rf 0.70 
was removed and eluted with diethyl ether. After removal of solvent the 
residue was subjected to sodium fusion and tested for the presence of 
sulphur.
A gentle stream of air was bubbled through a solution of
colupulone (1.0 g) and elemental sulphur (0.3 g) in petroleum (b.p. 9 0 -9 5 °)*
(200 ml), maintained at 60° for 3 days. The solution was filtered and
the solvent removed to yield a yellow semi-solid material. This was
applied to silicic acid (column, 2 0 0  x 2.5 mm) and eluted with diethyl
ether/petroleum (1:39). Fractions containing the product that gave a
positive result with PdCl^ spray reagent were combined and the solvent
removed to yield a pale yellow solid (114 mg). A portion of this
(50 mg) was applied to a preparative TLC plate (silica gel GF 2 5 4 * ^ x
200 x 200 mm) and developed with ethyl acetate/petroleum (1:3). The
band at Rf 0.38 was removed and eluted with diethyl ether to yield a
pale yellow solid (31 mg), m.p 184-185°, 7\ (alkaline EtOH) 253
max
and 323 mm (£ 27.1 and 16.7 1/g), and ?\ (acidic EtOH) 280 nmmax max
(£ 18.8 1/g). When subjected to sodium fusion it was found not to
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contain sulphur.
Photolysis of the lupulone analogue and sulphur with daylight
a) In the absence of oxygen: The lupulone analogue (LVIX) (300mg) 
and sulphur (500 mg) in cyclohexane previously purged with oxygen free 
nitrogen for 2 hours was left in daylight for a total of 13 days. TLC 
of the resulting solution after this time showed that no reaction of any 
sort had occurred.
b) In the presence of oxygen: The lupulone analogue (LVIX) (300 mg) 
and sulphur (500 mg) in cyclohexane, was kept in daylight, with occasional 
shaking, for 13 days. TLC monitoring indicated the slow conversion of 
the starting material to Ca 7 products with Ca 957. conversion after 13 
days. None of the products gave positive tests with I^/NaN^/starch or 
PdCl^ spray reagents.
Photolysis of the lupulone analogue and sulphur with UV light (254 nm)
The lupulone analogue (LVIX) (300 mg) and sulphur (1.0 g) dissolved 
in cyclohexane (50 ml) was purged with oxygen free nitrogen for 4 hours 
prior to irradiation. Nitrogen was bubbled through the solution continuously
lamp for a total of 160 hours. TLC of the resulting solution showed 
that no reaction of any sort had occurred.
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